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Expanding the Synthesis and Applications of Morpholine-based 
Pyrrole Modified Porphyrins 
Meenakshi Sharma, Ph.D. 
University of Connecticut, 2018 
The thesis proposes to refine and extend the ‘porphyrin breaking and mending’ methodology, 
to modify known and novel pyrrole-modified porphyrins (PMPs), to evaluate their (photo)physical 
properties in theory and experiment, and to explore – alone and in collaboration with specialty 
groups – their applications. The investigations were carried out such that the steric (e.g., ring-size 
of the non-pyrrolic heterocycle; b-to-o–phenyl linkages) and electronic influences (e.g., degree of 
saturation of the macrocycle, nature of functional groups) of the modifications on the physical 
properties of the PMPs could be delineated. 
The reaction of b-octaalkylporphyrins (octaethylporphyrin and etioporphyrin I) with ozone to 
generate chlorin-like chromophores was studied. Such a reaction was described firstly over 80 
years ago but was not understood at the time. The work expands on the knowledge of converting 
porphyrins to porphyrinoids containing non-pyrrolic heterocycles of potential utility (Chapter 2). 
We introduce novel methodologies toward the synthesis of porphyrinoids carrying b-to-o-phenyl 
fusions and expand on the scope and limits of the chemistry and interconversion of PMPs 
(Chapter 3). 
The macrocycle conformation of [meso-tetraarylporphyrinato] metal complexes is metal-
dependent. Furthermore, hydroporphyrins and some of their analogues are known to be more 
conformationally flexible than the parent porphyrins, but the extent to which this is reflected in 
their metal-dependent conformations was much less studied. Therefore, their conformations were 
determined using X-ray crystal structure diffractometry and compared against those of their free 
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bases, as well as against the conformations of the corresponding metalloporphyrins to further 
define the conformational and electronic effects governing pyrrole-modified porphyrins 
(Chapter 4).  
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1 Introduction 
1.1 Porphyrins and Hydroporphyrins 
Porphyrins are fully unsaturated aromatic macrocycles, comprised of four pyrrolic subunits 
which are linked by four methine bridges; these methylene carbons are labeled as the 
meso-positions, while the peripheral pyrrolic positions are referred to as the β-positions 
(Figure 1 - 1).1 Out of 18+4 p electrons of porphyrins, a closed conjugated aromatic system is 
maintained by 18 p electrons while the remaining 4 p electrons are cross-conjugated with the 
aromatic system. The manipulation of the cross-conjugated double bonds leads to the formation 
of various derivatives of porphyrins. Reduction of one β,β’-double bond forms chlorins where as 
reduction of both β,β’-double bonds forms bacteriochlorins (chlorins: 18+2 p electrons; 
bacteriochlorins: 18 p electrons). However, reducing the β,β’-double bonds on adjacent pyrroles 
results in the formation of an isobacteriochlorin. Secochlorins are formed with the cleavage of 
β,β’-double bond (Figure 1 - 1).  
    
Figure 1 - 1. Porphyrins and different related derivatives. 
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Porphyrins, chlorins, and bacteriochlorins are ubiquitous in nature. They are involved in a 
variety of biological processes and can be found in plants and blood. For example, the iron 
complex of protoporphyrin IX, heme, is found in hemoglobin. Naturally occurring chlorins include 
chlorophyll a which is a magnesium complex responsible for the green color of leaves.2 as well 
as provides energy required to convert carbon dioxide and water into carbohydrates and 
molecular oxygen, by absorbing photons of light (Figure 1 - 2).2 
  
Figure 1 - 2. Naturally occurring porphyrin and chlorin based pigments. 
Porphyrinoids owing to their planar, rigid p-electron systems and aromaticity exhibit strong 
and characteristic absorption bands in the UV–visible region of the electromagnetic spectrum. 
Hence, the UV–vis spectra of free-base possess a characteristic Soret band (a strongly absorbing 
band between 400 and 500 nm), along with four lower energy Q bands (or side bands), appearing 
in decreasing order of intensity between 500 and 800 nm. Modification of the porphyrin 
macrocycle alters the UV–visible spectra in a diagnostic fashion, although the closed conjugated 
aromatic 18 p system of these hydroporphyrin macrocycles still remains intact. In case of free 
base chlorins, the UV–vis spectrum has one broad Soret band and four Q bands, but the longest 
wavelength Q band (lmax) is the most intense among them. In case of free base chlorins, the    
UV–vis spectrum is distinctly different, there is one broad Soret band and four Q bands, but the 
longest wavelength Q band (lmax) is the most intense among them (Figure 1 - 3).  
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Figure 1 - 3. Structure and UV-vis spectra of a typical porphyrin, chlorin and bacteriochlorin. 
Gouterman’s four-orbital model describes these characteristic spectral patterns by 
considering the energies and electronic distributions of the two highest occupied molecular 
orbitals (HOMOs) and two lowest unoccupied molecular orbitals (LUMOs) of porphyrins.3 The 
corresponding wavelengths at which the chromophore can be excited is determined by the 
HOMO–LUMO energy gaps. The HOMO–LUMO transitions consist of one high energy (Bx and 
By) and one low energy (Qx and Qy) bands, which give rise to two separate electronic states. In 
case of free base porphyrins, the lower symmetry group of D2h is observed due to the presence 
of two hydrogen atoms on two opposing central nitrogen atoms. Since, the x- and y-molecular 
axes are non-equivalent, the excited states arising from transitions between these orbitals are not 
degenerate. Consequently, the Q transitions become allowed and are split into distinct x and y 
bands. Therefore, there are four Q bands in the free base spectrum of a porphyrin (Figure 1 - 4). 
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Figure 1 - 4. Schematic representation of the HOMO and LUMO and electronic transitions of 
porphyrins. 
The degeneracy of the HOMOs and LUMOs, in chlorins, is lifted due to saturation of a 
β,β’-bond or peripheral modification. As a result, the two high energy transitions (Bx and By) differ 
in energy in contrast to porphyrins, where these two transitions are of nearly equal energy. This 
leads to a broad absorption in the Soret band region for chlorins and also, an increase in the Qy 
transition probability results in the lmax having the greatest absorbance among the Q bands of 
chlorins (Figure 1 - 5).4 
 
Figure 1 - 5. Schematic representation of the HOMO and LUMO and electronic transitions of 
chlorins. 
Porphyrins are also known as photosensitisers. Once light energy has been absorbed by 
porphyrins, the excited state chromophore (S1) can relax back to its ground state (S0) via several 
pathways illustrated by a modified Jablonski diagram (Figure 1 - 6). The chromophore may either 
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relax to the ground state by luminescence or it may lose energy in a non-radiative decay. 
Luminescent relaxation occurs either by fluorescence or by phosphorescence. Fluorescence is 
the transition of electrons from the first singlet excited state (S1) to the singlet ground state (S0) 
(the excited state has a relatively short lifetime of about 10-9 to 10-7 seconds). Phosphorescence 
involves crossing of the electrons from the lowest singlet excited state (S1) to a low lying nearby 
triplet state (T1), a phenomenon known as intersystem crossing (ISC), followed by the relaxation 
from the triplet state to the singlet ground state. 
 
Figure 1 - 6. Modified Jablonski energy diagram of a photosenstiser.4 
Both ISC and phosphorescence are spin-forbidden and hence inhibited. As a consequence, 
it accords longer lifetimes to the triplet state T1, on the order of 10-4 to 10 seconds. The presence 
of a heavy atom (such as platinum in porphyrins) overcomes the “forbiddeness” of the ISC by 
spin-orbit coupling. Alternatively, the energy can be transferred to the diatomic oxygen which 
promotes its stable triplet state (3O2) to its highly reactive singlet state (1O2). Such energy transfer 
to oxygen (known as oxygen photosensitization) competes with the other relaxation processes, 
including phosphorescence.4 Porphyrins have intense colours due to the energy gaps between 
their electronic levels S0 ® S2 being of the exact energy as photons of visible light. 
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1.2 Synthesis of Porphyrins and Hydroporphrins 
Total syntheses of chlorins and bacteriochlorins remain a challenge,5 even though the Lindsey 
group has developed the first practical large-scale methods toward stable and tunable 
hydroporphyrins.6 Alternatively, porphyrins can be converted to hydroporphyrins by reduction. 
Diimide (HN=NH), generated in situ, is an excellent reductant for this purpose, but the resulting 
hydroporphyrins are hard to separate from each other.7 Hydrazine can, in some cases, also be 
used as a reductant.8 Exceptions notwithstanding,9 regular hydroporphyrins tend to oxidize back 
to the parent porphyrin. Hence, a range of irreversible cycloadditions to the porphyrin b,b’-double 
bonds were devised to generate a plethora of chlorins and bacteriochlorins (and its isomer, the 
isobacteriochlorins).5,10 
 
Scheme 1 - 1. Adler synthesis of meso-Tetraphenylporphyrin. 
Alternatively, synthetic methods toward new porphyrinoids have been achieved using model 
synthetic systems which can be prepared by the Adler procedure (Scheme 1 - 1), such as 
meso-tetraphenylporphyrin (TPP).11 By using the appropriate benzaldehyde derivative, different 
meso-substituents can be introduced to the porphyrin. Lindsey introduced a subsequent 
procedure where under anaerobic conditions, the synthesis is performed at room temperature in 
high dilution using a Lewis acid (BF3⋅OEt2) followed by the oxidation of the intermediate 
porphyrinogen with DDQ. This procedure, though better in yield than the Adler procedure, is best 
suited for smaller scale syntheses. Chlorins and bacteriochlorins can be synthesized directly by 
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the reduction of porphyrins. Brückner and co-workers developed an alternative method to 
synthesize meso-tetraarylchlorins and bacteriochlorins through ‘Breaking and mending strategy’ 
(Discussed in detail in section 1.5). 
1.3 Metalloporphyrin 
Metalloporphyrins are formed when a metal ion displaces the two inner hydrogen atoms and 
binds to the centralcavity of a porphyrin.12 Depending on the size, charge on the metal ion and 
the presence or absence of ligands, metalloporphyrins exist in a range of coordination geometries. 
Metallation of porphyrins is commonly carried out by heating a solution of porphyrin in the 
presence of a metal salt and base. The metal insertion reaction is shown in the following reaction. 
 
The metal insertion and demetallation reaction conditions can vary from gentle to harsh 
depending on the charge and size of the metal ion. For example, owing to their smaller ionic radii, 
Zn(II) and Cu(II) are inserted much more easily by refluxing the porphyrin and metal carrier in a 
mixture of CHCl3 and MeOH. In contrast, platinum insertion, for example, needs to be performed 
in refluxing benzonitrile at high temperatures (~180 oC) for a few hours. Similarly, demetallation 
involving large ionic radii usually requires the use of strong acids, such as H2SO4 for Ni(II), but 
Pt(II) cannot be removed from a porphyrin without the destruction of its ring.  
Metalloporphyrins possessing the D4h symmetry group have a high probability for 
B transitions, but a low probability for the Q transitions. Hence, for metalloporphyrins, there is 
predominantly a strong Soret absorption, followed by only a weak Q band absorption 
(Figure 1 - 7). 
MLn  +  H2(P) MP  +  2 HL
1. Introduction 
 
 8 
 
Figure 1 - 7. UV–vis spectrum of Metallochlorin. 
1.4 Pyrrole-modified Porphyrins 
Pyrrole-modified porphyrins (PMPs) are porphyrins in which at least one of the pyrrolic 
building blocks is replaced by a non-pyrrolic heterocycle.13 
Over the last decade, Brückner group prepared a wide range 
of structurally diverse PMPs by conversion of a porphyrin 
using our ‘porphyrin breaking and mending’ strategy.14 PMPs 
are suitable for an investigation of the effects of conformation 
and conformational flexibility of porphyrinoids. Many applications that are founded in their physical 
properties, are frequently distinctly different from those of the parent porphyrins and chlorins: For 
example, PMPs yield hyperchromic, bathochromic (into the NIR),15 or panchromic (300 to above 
900 nm) optical spectra. Some emit light above 1200 nm, while others quenched all fluorescence. 
Some were planar, other non-planar, some expressed stable chiral helimeric conformations, or 
unusual conformational flexibility. We expect select PMPs to be of utility in a number of technical 
and biological applications, ultimately impacting a number of fields. 
Compared to the porphyrins, little is known about the synthesis and properties of the PMPs. 
Most of the them are made by the total syntheses (such as most carbaporphyrins)16 which remains 
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non-trivial, often hard to scale, and it can be inflexible with respect to the types of PMPs 
accessible. An alternative non-traditional strategy is synthesis of PMPs using meso-aryl- and 
β-alkylporphyrins as starting materials.  
 
Scheme 1 - 2. The breaking and mending of porphyrins. 
Our group has focused on the systematic study the step-wise strategy toward PMPs, called 
‘the breaking and mending of porphyrins’ (Scheme 1 - 2):14 Addition of a reagent to the β,β’-double 
bond of a porphyrin (I) converts it to a functionalized chlorin (II). The functional group provides 
handles for subsequent β,β’-ring cleavage reactions (III). Either in situ or in a separate step, the 
functionalities thus generated are converted to form a PMP (IV). Thus, one pyrrolic unit was 
formally replaced by a non-pyrrolic heterocycle that may be ring-contracted or expanded relative 
to the pyrrole in I, or not a ring at all. Product IV may lend itself to further derivatization, such as 
the formation of β-to-aryl linkages (V). This step-wise approach is controlled, flexible, and allowed 
for the synthesis of singly and doubly pyrrole-modified chromophores containing, inter alia, imide, 
azete, one or two oxazoles, oxazolethione, imidazole, imidazolone, pyrazine, pyridinone, 
morpholine, or thiomorpholine moieties (Figure 1 - 8).  
In this thesis (Chapter 2 and 3), we have reported new synthetic routes which have expanded 
this strategy further. We synthesized even more PMPs (one- or two-step further) by modification 
of the PMPs formed by ‘the breaking and mending of porphyrins’ approach. 
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Figure 1 - 8. Accessible lmax values by various classes of oxazol-based PMPs.17,18,19 
The Brückner group demonstrated multiple examples of this strategy. An OsO4-mediated 
regioselective dihydroxylation of the b,b’-bond of meso-tetraphenylporphyrin (TPP) formed the 
vic-cis-diol.20 This vic-cis-diol (TPP-diol) synthetic handle is amenable to a wide variety of 
modifications at the b,b’ position. The diol can also be further oxidized to the dione (TPP-dione) 
by treatment with DDQ (Scheme 1 - 3). The diol  and dione, or similar meso-aryl analogues, serve 
as the ultimate starting materials for all of the porphyrinoids described in this dissertation. 
 
Scheme 1 - 3. An OsO4-mediated regioselective dihydroxylation of the b,b’-bond of TPP, 
followed by oxidation. 
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1.5 Morpholinochlorins 
Multiple examples of meso-arylporphyrinoids derived by formal replacement of a pyrrole of a 
porphyrin by a non-pyrrolic moiety were reported.21,14-22 One example containing a five-membered 
carbacycle in place of a pyrrole is azuliporphyrin 1, exclusively prepared by total synthesis.23 A 
formal replacement of a b,b’-bond by a lactone moiety results in the formation of the 
porpholactones 2, generated by carefully calibrated oxidations of porphyrins or chlorins.17-24 
Oxypyriporphyrin 3 containing a six-membered non-pyrrolic heterocycle can be accessed using 
either total synthesis or porphyrin modification methodologies.25 The oldest examples containing 
a six-membered heterocycle is lactone 4, discovered as fortuitous product along a 
non-generalizable reaction pathway.26 
  
Brückner group contributed by introduction of a facile ring-expansion reaction of 
2,3-dihydroxychlorins to generate morpholinochlorins, such as free base 5H2 or nickel complex 
5Ni.27 Free base morpholinochlorin was shown to possess a modestly ruffled conformation.27c, 27d 
The mode of deformation and its extent is dependent on the number and types of morpholine 
substituents or the presence of an intramolecular linkage at the ortho-position of a meso-phenyl 
group (as in 6H2).27d Mono- and bis-morpholinobacteriochlorins 7 showed much more pronounced 
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ruffled conformations,28 and the origin of their conformation-dependent optical properties was 
studied.29 
  
The [morpholinochlorinato]nickel(II) complex 5Ni, driven by the small size of the square planar 
coordinated, diamagnetic d8 ion, exhibits a significantly more ruffled conformation than the 
corresponding free base.27a, 27d [Morpholinochlorinato]nickel(II) complexes containing different 
types or numbers of morpholine substituents all assumed near-identical conformations, 
suggesting that the conformation of morpholinochlorins is primarily controlled by the presence of 
the central metal. In contrast, the conformation of the corresponding free bases varied widely.27d, 30 
The conformational modulation of the electronic properties of natural and synthetic porphyrins 
through steric crowding of their periphery or through protein interactions is well-explored.31, 32, 33 It 
is also known that the corresponding hydroporphyrins (and their analogues) are conformationally 
more flexible,28, 29, 34 but how this increased flexibility is reflected in the conformation of various 
metal complexes of the hydroporphyrins has not been fully detailed. The broadened optical 
spectra of free base morpholinochlorins,27c their substituent-dependent conformations, and the 
demonstration of the drastic conformational modulation of the morpholinochlorin free base upon 
metalation with Ni(II) ion suggests that these chromophores are particularly flexible.27d However, 
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aside from this lone example, the conformational landscape of the metal complexes of 
morpholinochlorins was not yet systematically studied. 
Morpholinochlorins have this same pattern as chlorins but the peaks are broadened due to 
less conformational flexibility and are also red-shifted.27 Brückner group established a general 
synthetic methodology for the stepwise replacement of a pyrrole group in 
meso-tetraphenylporphyrin by a morpholine moiety with and without direct β-carbon-to-o-phenyl 
linkages. The relative stereostructures and conformations of a range of free-base and Ni(II) 
morpholinochlorins with and without β-to-o-phenyl linkages were elucidated using NMR 
spectroscopy and X-ray diffractometry. Steric and stereoelectronic effects rationalized their 
stereoselective formation and the differences in the relative stereostructures between the 
free-base macrocycles and their corresponding Ni(II) complexes. All Ni(II) complexes and most 
free-base compounds exhibited a ruffled macrocycle. The varying conformations in the free bases 
and the enormous distortion upon Ni(II) insertion highlight the conformational flexibility of this 
class of PMPs. 
The ruffling imposes a rare type of inherent helical chirality onto the macrocycles. In many 
cases, the chiral resolution of the helicene-like, enantiomeric [morpholinochlorinato]Ni(II) 
complexes proved possible using classic diastereomer separation methods and/or HPLC on a 
chiral stationary phase. Crucial for the stereochemical stability was the presence of at least one 
alkoxy substituent on the morpholino ring or β-carbon-to-o-phenyl linkage that locked in the 
conformation. In the absence of such a “steric lock”, no chiral resolution can be achieved, 
suggesting a low helimeric inversion barrier at room temperature. The resolved 
morpholinochlorins can be utilized in stereoselective molecular recognition systems, asymmetric 
catalysis, as chiral optical probes, or as components in novel materials with chiroptical properties. 
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2 b-Alkyloxazolochlorins: Revisiting the Ozonation of Octaalkylporphyrins, 
and Beyond 
2.1 Introduction 
Selective oxidation reactions of porphyrins also generate chlorins and chlorin analogues. For 
instance, the osmium tetroxide (OsO4)-mediated dihydroxylation of free-base b-alkyl-porphyrins1 
or meso-arylporphyrins2 is fairly general and generates dihydroxychlorins and 
tetrahydroxybacteriochlorins. The diol functionality is a versatile synthetic handle for further 
oxidative manipulations, enabling the preparation of a range of porphyrinoids incorporating 
non-pyrrolic heterocycles.3 Among the many examples of such pyrrole-modified porphyrins are 
oxazole-based derivatives. They proved to be particularly attractive for their chemical stability, the 
tunability of their optical spectra, and their bathochromically shifted hyperchromic spectra: Among 
them are the porpholactones 1,4 oxazolochlorin 2,5 and oxazolobacteriochlorin 3.6 Using a total 
synthesis approach, the groups of Kobayashi and Luk’yanets prepared phthalocyanine-derived 
oxazolochlorins, such as 4.7 
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In 1927, Fischer and Treibs reported that b-octaalkylporphyrins can be degraded with ozone 
(O3) to oxalic acid and ammonium chloride.8 This complete bleaching of porphyrin solutions by 
ozone was later confirmed.9 Given the extreme oxidizing power of ozone, this finding is intuitive.10 
In 1933, Fischer and Deželić realized, however, that the use of dilute (ca. 1%) ozone streams 
over short time spans converted etioporphyrin I (and select other porphyrins with saturated 
b-substitutents) into chlorin-like chromophores, with an intensified lmax  band at ~650 nm [lmax  for 
octaethyl-porphyrin (OEP), e.g, is at 622 nm].11, 12 The spectroscopic findings were suggestive of 
the attack of ozone on the b,b’-bonds of the porphyrin. Based on elemental analyses of the 
reluctantly crystallizing compounds, the formation of mono-, di-, and triozonides was proposed, 
but their structures could not be further specified.12, 13, 14 
Intrigued by the Fischer and Deželić report,12 we decided to reinvestigate the ozonation of 
b-alkylporphyrins. After all, the ozonation and osmylation of double bonds are mechanistically 
related [3+2] cycloadditions of neutral and strongly oxidizing species.15, 16 Given these parallels, 
the formation of a chlorin-type chromophore by reaction of O3 with a porphyrin is not unrealistic. 
Primary ozonides generally rearrange, however, and, depending on the reaction conditions and 
substrate, react further.10, 17 In addition, the circumstance that many reactions proceed within the 
steric constraints of the rigid macrocycle in unexpected ways makes a prediction of the final 
product of the reaction of ozone with porphyrins difficult.3b, 18 
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Scheme 2 - 1. Ozonation of OEP 5, according to Shul’ga et al., including the putative 
mechanism of formation of oxazolochlorin 6a.19 
As we began to investigate the reaction of TPP and OEP (5) with O3, a literature search 
revealed a 1977 report by Shulg’a et al. in the journal Biofizika (in Russian) that already described 
the reaction of OEP with O3 at low temperatures (Scheme 2 - 1).19 This work by Shulg’a et al. is 
most remarkable in multiple ways:19 Firstly, it represents – to the best of our knowledge – the first 
confirmed report of the conversion of a porphyrin to a porphyrinoid containing a non-pyrrolic 
heterocycle. However, the pioneering status of the work by Shulg’a et al. was never recognized 
in the form of a citation (other than most recently)!3a In the pertinent literature, including our own 
contributions,20 Crossley’s 1984 paper on the formation of porpholactones and other 
pyrrole-modified porphyrinoids by oxidation of TPP was generally cited as the first such 
example.21 The first rationally prepared OEP-based pyrrole-modified porphyrin was reported by 
Bonnett’s group in 1993.22 The expansion of a pyrrole to a six-membered 3-hydropyridine moiety 
was firstly described by Callot and Schaeffer in 1978 as a minor product of the thermally-induced 
rearrangement of a porphyrin-N-propionate, a to this day singular reaction pathway toward 
pyrrole-modified porphyrins.23 Another unique example of an early b-alkyl-based pyrrole-modified 
porphyrin was introduced in 1992 when Chang and Peng recognized a long-known but 
unidentified compound formed by rearrangement of a corrole to be a b-alkylchlorophin.24 
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Secondly, the mechanism proposed also predicted the intermediacy of a ring-expanded 
morpholinochlorin that was realized only much later.2c, 21 
We report here on the ozonation of OEP, reproducing the work by Shul’ga et al.19 Expanding 
on their work, we developed simplified procedures to isolate and stabilize the main product 
heptaalkyloxazolochlorin 6a. Patterned after our own previous work on 5,10,15,20-tetraphenyl-
oxazolochlorins,5a-d, 6 we prepared a number of derivatives of the parent hemiacetal 6a, including 
a b-alkyporpholactone, the b-alky-analogue to the well-known porpholactones.3a Furthermore, we 
discovered the formation of a unique tetrahydrofuran-linked ozazolochlorin dimer. Lastly, we 
reproduced the ozonation experiments of etioporphyrin I firstly described by Fischer and 
Deželić,12 identifying the products giving rise to the chlorin-like optical spectra. 
2.2 Results and Discussion 
2.2.1 The ozonation of octaethylporphyrin (OEP): Formation of heptaethyloxazolochlorin 
hemiacetal 6a 
Passing a dilute stream of O3 in oxygen (~300 µL O3/min) over the surface of a 2.5 mM 
solution of OEP 5 in CHCl3 (EtOH–stabilized). at ambient temperature, a product with a 
chlorin-type UV–vis spectrum (lmax at 642 nm) was formed within minutes (Scheme 2 - 2). 
Note: We shunned amylene-stabilized CHCl3 so as not to quench the ozone; only traces, if any, 
of acetal 6c are formed as a side product under the neutral conditions of the ozonation and the 
basic workup protocol. Extensive decomposition of the product(s) was observed with increasing 
conversion of 5, irrespective of the temperature of the reaction. In fact, given a long enough 
reaction time, the entire solution can be bleached.8 Thus, we quenched the reaction by addition 
of a freshly prepared methanolic solution of NaBH4 when less than 2/3 of the OEP was converted, 
as indicated by the 2:1 ratio of the lmax  intensities of the chlorin and porphyrin (at ~650 nm and 
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622 nm, respectively, typically achieved after ~10 min at ambient temperature). The addition of 
NaBH4 reduces any ozonides present and provides a basic environment we found stabilizes the 
very acid-sensitive main product 6a. We did not observe the formation of species with 
well-identified bacteriochlorin-like optical spectra. 
  
1 
Scheme 2 - 2. Reactivity of oxazolochlorin 6a. 
The main product, isolated in 24% yield (based on the total amount of starting OEP; 37% yield 
based on the amount of converted OEP after considering ~34% of OEP are recovered), was 
confirmed to be the heptaethyl-oxazolochlorin hemiacetal 6a described by Shulg’a and 
co-workers (who did not provide any yield information).19 In our hands, it was recalcitrant in 
forming a solid and was generally isolated as a film that could be stored in the freezer for weeks. 
In solution, however, this compound decomposed readily in a variety of solvents under the 
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influence of light, particularly under acidic conditions. The most diagnostic features in its 1H NMR 
spectrum (Figure 2 – 5) are the four non-equivalent meso-protons (s at d = 9.71, 9.50, 8.75, and 
8.56 ppm, 1 H each) and the signals for the lone ethyl group attached to the oxazoline moiety, 
showing the diastereotopic methylene protons (m at d = 3.03-2.97 and 2.82-2.76 ppm, 1 H each 
respectively) also seen in the alkylated 5,10,15,20 tetraphenyloxazolochlorins).5a,c,d, 6 The ESI+ 
MS spectrum (100% CH3CN, 30 V cone voltage) shows the hemiacetal parent ion [6a·H]+ of 6a 
but the spectrum is dominated by the highly stabilized cation species [6a·H–H2O]+, indicating the 
facile loss of water from the parent ion. This high reactivity of this hemiacetal moiety likely also 
explains the relatively low chemical stability of 6a. 
Dry ozonation procedures (ozone adsorbed onto silica gel at 77 K, then substrate to be 
oxidized is passed through a column of this silica gel)25 did not generate significant amounts of 
product. Surprisingly, the zinc(II) and nickel(II) complexes of OEP proved to be impervious to 
reaction with ozone under the reaction conditions that resulted in the formation of free base 6a, 
and the complexes were fully recovered. Harsher reaction conditions (i.e., higher O3 
concentrations) led to the bleaching of the porphyrins. We did not experiment with other metal 
complexes. 
2.2.2 Formation of heptaethyloxazolochlorin acetals 6b-6d 
The conversion of the hemiacetals to the methyl-, ethyl-, and isopropyl-acetals was 
straightforward using the corresponding alcohol under acid catalysis. Unlike hemiacetal 6a, the 
much less polar compounds 6b-6d are readily obtained as microcrystalline solids and proved to 
be chemically more robust derivatives. All acetals were characterized by their increased masses 
in their ESI+ spectra (the [M·H]+ species were observed). The mass spectra also showed the 
[6x·H–ROH]+ peaks, but these species did not dominate their MS spectra, another indication of 
their higher stability. The 1H and 13C NMR spectra of the compounds showed the expected and 
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diagnostic addition of an alkyl group to 6a, with little to no significant changes in the remainder of 
the spectra. 
Despite their increased chemical stability, the compounds were still too labile to be considered 
for, e.g., practical syntheses of bacteriochlorin derivatives by OsO4-mediated dihydroxylation, as 
could be shown for the corresponding 5,10,15,20-tetraphenyloxazolochlorins.5a,6 Attempts to 
dihydroxylate 6b with OsO4 under standard conditions led to extensive decomposition of 6b. 
2.2.3 Optical spectra of heptaethyloxazolochlorins 6a-6d 
The UV–vis spectrum of hemiacetal 6a conforms to the spectrum described by Shulg’a and 
co-workers.19 As expected, the UV–vis spectra of the acetals 6b-6d do not vary from that of the 
parent hemiacetal 6a.5b A spectrum of ethoxy derivative 6c is shown as a representative example 
(Figure 2 - 1 A). The 24 nm red-shift of the chlorin-type spectrum compared to the porphyrin-type 
spectrum of the ultimate starting material 5 is clearly evident. In comparison to the spectrum of 
octaethyl-2,3-dihydroxy-chlorin 8,26 the relative ratio of the lmax to the lSoret band of 6a is 
significantly larger, and slightly larger compared to the corresponding ratio of octaethylchlorin 9 
(spectrum not shown) (Table 2 - 1).27 This intensity enhancement of the lmax band for the 
b-alkyloxazolochlorins was also observed in the meso-aryloxazolochlorins, and was 
computationally rationalized.5b 
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Figure 2 - 1. A. UV–vis spectra (C6H6) of the compounds indicated. B. Fluorescence spectra 
(C6H6) of the compounds indicated. lexcitation = lSoret. C. Normalized UV–vis spectra of 6a (C6H6) 
and 7 (CH2Cl2). 
The fluorescence spectrum of 6b is a regular chlorin-type emission spectrum, with the small 
Stoke’s shift associated with porphyrinoids (Figure 2 - 1 B). As was also the case with the 
meso-aryloxazolochlorins, the fluorescence quantum yield for 6b is reasonably high (Φ = 0.19). 
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Table 2 - 1. Comparison of optical data of literature-known b-octaethylchlorins 8 and 9, 
and heptaethyloxazolochlorins 6b and 7. 
Compound        lSoret [nm]; e [M
-1
cm
-1
]             lmax [nm]; e [M
-1
cm
-1
]         E (lmax)/ e (lSoret)           Ref. 
      8                         392; 206,000                         643; 54,000                       0.26                        26 
      9                         393; 182,800                         651; 69,100                       0.38                        27 
     6b                        390; 118,000                          646; 49,400                       0.42                   this work 
      7                         390; – [a]                                 660; – [a]                          0.32                   this work  
[a] Not determined because of chemical instability.  
 
2.2.4 Reduction of heptaethyloxazolochlorin hemiacetal 6a 
The reduction of hemiacetal 6a to oxazolochlorin 7 using triethylsilane under acidic conditions 
proved possible (Scheme 2 - 2).5b, c The isolated low-polarity product was characterized by the 
formation of the [M·H]+ species in the ESI+ MS and the presence of a new signal at d = 6.71 ppm 
in its 1H NMR spectrum, assigned to the oxazoline hydrogen. However, the species was, similarly 
to its 5,10,15,20-tetraphenyl analogue,5b exceedingly sensitive toward oxidation back to the 
hemiacetal. We suspected light-induced (sensitized) oxidation processes to be mainly 
responsible for this reaction. The exclusion of light during the synthesis, chromatographic 
isolation, and purification of this compound at analytical scales was possible, but its preparation 
at synthetically useful scales inevitably led to the presence of significant fractions (quickly 
exceeding 10%) of re-oxidized product 6a (see Figure 2 - 21).  
The reduction of 6a red-shifts the lmax band of the resulting oxazolochlorin 7 by 14 nm, without 
changing its chlorin characteristics (Figure 2 - 1 C, Table 2 - 1), an effect we have also observed 
in the reduction of the 5,10,15,20-tetraphenyloxazolochlorin hemiacetals.5b, c 
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2.2.5 Zinc Insertion into oxazolochlorin hemiacetal 6a and reaction with a Grignard 
reagent 
In a further attempt to generate chemically stable oxazolo-chlorin derivatives from hemiacetal 
6a, we investigated the possibility of alkylating its sp3-hybridized carbon to generate gem-dialkyl-
derivatives.5c, 6 Such chlorins and bacteriochlorins were shown by the Lindsey’s group to be 
particularly robust.28 We likewise demonstrated the stability of gem-dialkyl-derivatized 
oxazolochlorin and oxazolobacteriochlorins.5c, 6 The latter compounds were prepared by reaction 
of the corresponding hemiacetal zinc complex with a Grignard reagent in the presence of TMSOTf 
(trimethylsilyl trifluoromethanesulfonate). The metal-insertion reaction was designed as a 
protection for the inner NH protons from deprotonation and concomitant deactivation of the 
macrocycle toward nucleophilic alkylation. Thus, we submitted hemiacetal 6a to standard zinc 
insertion methods (MeOH/halogenated solvent mixtures, zinc acetate, gentle heating) 
(Scheme 2 - 3).29 
Under aerobic conditions, we failed to generate the (expected green or blue) high-polarity 
metallated hemiacetal 6aZn under a variety of conditions (absence/presence of water, different 
reaction solvents, zinc sources, and reaction temperatures). Instead, we invariably formed two 
low-polarity products, blue zinc complex 10Zn and purple zinc complex 11Zn, whereby the latter 
formed over time from 10Zn. Both compounds will be discussed in detail. 
Suspecting oxidative damage of oxazolochlorin 6a or its putative zinc complex 6aZn during 
the zinc insertion reaction, we performed it under anoxic conditions. As the work-up of the reaction 
mixture still generated none of 6aZn and only 10Zn and 11Zn were isolated, we added 
isopropyl-MgBr/TMSOTf to a reaction mixture of 6a and zinc chloride freshly prepared under 
anhydrous and anoxic conditions as soon as the reaction mixture had changed its color. After an 
acidic aqueous workup, the target free base a,a’-ethyl,iso-propyloxazolochlorin 12 could be 
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isolated, albeit in low yields. Its spectroscopic signatures were all as expected. Among other 
things, octaalkyloxazolochlorin 12 possesses a chlorin-type optical spectrum that is 16 nm 
bathochromically shifted compared to the spectrum of hemiacetal 6a (Figure 2 - 1 A). It proved to 
be, as hoped for, chemically stable. Nonetheless, its poor yield of formation made an in-depth 
study of its reactivity impractical.  
 
Scheme 2 - 3. Syntheses of the oxazolochlorin dimers 10, 10Zn, and 10Cu, 
hexaethylporpholactones 11 and 11Zn, and octaalkyloxazolochlorin 12. 
2.2.6 Tetrahydrofuran-linked dimers 10Zn and 10Cu 
At first glance, the 1H NMR spectrum of 10Zn is as expected for 6aZn, but its ESI+ HRMS 
indicated a composition of that was 2 amu lighter than that of the acetal dimer I (Scheme 2 - 3). 
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5,10,15,20-tetraphenyloxazolochlorin hemiacetals were previously also found to readily form an 
acetal dimer.30 The 1H NMR spectrum of 10Zn shows four non-equivalent meso-protons, 
indicating the presence of a symmetrical dimer, but when compared to the corresponding NMR 
spectra of the acetals 6b-6d, it showed few diagnostic shifts, and none that could be interpreted 
in a way that would provide conformational information. Moreover, a careful integration of the 
ethyl region of the 1H NMR spectrum of 10Zn suggested that two H were missing, suggestive of 
an oxidation event. This dimerization is also observed when hemiacetal 6a is reacted with 
copper(II), forming 10Cu, though the formation of the second product 11Cu was not observed. 
The UV–vis spectra of compounds 10Zn and 10Cu are as expected for an 
[oxazolochlorinato]zinc or copper complexes,5b except that their Soret band appears to be 
doubled (Figure 2 - 2 A). This indicates that only a minor electronic coupling of the two 
chromophores is in place, a finding in agreement with the precedent dimer.30 
The zinc ions in 10Zn could be removed under acidic conditions without any change in 
connectivity of the dimer. The UV–vis spectrum of the free base dimer 10 is very similar to that of 
the hemiacetal 6a or the acetals, such as 6c (cf. Figures 2 - 2 A and 2 - 1 A), with a slightly 
broadened Soret band. 
The presence of two free base or metallated oxazolochlorin macrocycles in largely isolated 
environments was also suggested by the appearance of, next to the signals corresponding to the 
mono-cationic species, strong [10·2H]2+, [10Zn·2H]2+, or [10Cu·2H]2+ peaks in the ESI+ MS 
spectra of 10, 10Zn, and 10Cu, respectively (see Experimental section). 
Chemical findings further indicated that next to the acetal linkage (strongly supported by the 
presence of a quarternary sp3-carbon signal at 161.8 ppm), at least one other covalent linkage 
was established between the two oxazolochlorin building blocks as the dimer could not be 
hydrolyzed to form the alkyl acetals of type 6b, 6c, or 6d, as could otherwise have been expected. 
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A direct linkage between the oxazolochlorins would also explain their composition. However, we 
could not find diagnostic signals for the nature of the connectivity of the two oxazolochlorins and 
we had to rely on a single-crystal structure analysis of one of the biscopper complex 10Cu. 
  
Figure 2 - 2. A. UV–vis spectra (C6H6) of the dimers indicated. B. UV–vis spectra (C6H6) of the 
porpholactones indicated. C. Normalized UV–vis spectra (CH2Cl2) of the etioporphyrin I-derived 
oxazolochlorin methyl acetal mixture of 14b and 15b. 
2. b-Alkyloxazolochlorins: Revisiting the Ozonation of Octaalkylporphyrins 
 
 31 
2.2.7 Single crystal X-ray structure of 10Cu 
The copper dimer complex 10Cu provided crystals suitable for single crystal X-ray diffraction 
analysis (Figure 2 - 3). The structure shows unambiguously the connectivity of the dimer, but we 
will refrain from a detailed analysis of bond lengths and angles (R1 = 10%; for further details, see 
Table 2 - 2). As deduced above, the structure is a symmetric dimer structure of two essentially 
planar [oxazolochlorinato]copper(II) moieties linked through an acetal oxygen plus a direct 
carbon-carbon linkage between two ethyl groups. This direct linkage and the linking acetal oxygen 
atom form a 3,4-dimethyl-substituted tetrahydrofuran moiety, with the methyl group in 
trans-configuration. Both oxazolochlorin are connected by spiro-linkages to the 2- and 5-positions 
of the tetrahydrofuran and are arranged trans to each other. The structure is commensurate with 
all spectroscopic and analytical data. Oxazolochlorin acetal dimers of the 
5,10,15,20-tetraphenyloxazolochlorins have been reported before.30 
  
Figure 2 - 3. Stick representation of the single crystal X-ray structure of 10Cu.  
The remarkable direct ethyl-ethyl linkage at the methylene positions is the result of an 
oxidative process of two non-activated positions. The linkage is also surprising for the large driving 
force for its formation that our experiments suggest (zinc as well as copper induce this linkage, 
high yielding and rapid formation of the dimers). We suppose that the formation of the acetal 
linkage preceded that of the C–C linkage and that the later was then driven by conformational 
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effects. Light was shown to be an accelerator of the reaction, but the mechanism and exact driving 
force for this dimerization reaction remains obscure. 
2.2.8 Formation of hexaalkylporpholactone 11Zn and 11 
In most reactions in which the formation of the blue dimer 10Zn was observed, the formation 
of varying amounts of a non-polar, purple product was also noted. Eventually, we were able to 
trace its formation to a photosensitization process: Working in the dark and/or under an 
atmosphere of N2 prevented its formation, while the exposure of 10Zn to a combination of intense 
light (45 W compact fluorescence light bulb placed into close vicinity of the reaction flask) and air 
resulted in the complete conversion of the dimer to 11Zn (Scheme 2 - 3), a compound with a 
typical chlorinato zinc complex spectrum (Figure 2 - 2 B).5b Inversely, the use of copper to induce 
the formation of 10Cu did not lead to the subsequent formation of the corresponding 11Cu 
complex. This is consistent with a photosensitization mechanism for the formation of 11Zn as 
copper porphyrins (and chlorins) are not singlet oxygen photosensitizers.  
Acid-induced removal of the central metal ion from 11Zn generated free-base compound 11 
with a very weakly chlorin-type UV–vis spectrum that is by far not as red-shifted as the 
oxazolochlorins presented (Figure 2 – 2 B). The compound possesses a composition of 
C31H37N4O2 (for M·H+, as per ESI+ HRMS). Thus, in comparison to the composition of 6a, ethane 
(C2H6) was lost. The summation of the spectroscopic and analytical evidence suggested the 
formation of the porpholactone structure 11 shown. Indeed, the FTIR of 11Zn and 11 showed the 
presence of lactone-type carbonyl stretching frequencies (at 1760 and 1749 cm-1, respectively), 
a finding confirmed by the 13C NMR spectrum of the compounds (carbonyl signals recorded at 
d = 170.38 and 170.37 ppm, respectively). Also, the 1H NMR of the porpholactones indicated the 
absence of the ethyl group attached to the oxazolochlorin moiety and the presence of six pyrrole-
based ethyl groups. meso-aryl-based porpholactones are well known,4a,e,g, 5b, 21, 31 and have found 
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multiple applications as, for instance, sensors and catalysts,4b-f4g- 32 but 11Zn/11 represent the first 
examples of b-alkyl-based porpholactones. The spectral duality of the 11Zn/11 – the zinc complex 
is a typical metallochlorin while its free-base resembles much more a porphyrin – is analogous to 
the optical properties of the meso-aryl-based porpholactones.5b 
2.2.9 Ozonation of etioporphyrin I – reproduction of Fischer’s 1933 experiment 
 
Figure 2 - 4. Ozonation of etioporphyrin I 13. 
Reaction of etioporphyrin I 13 under the optimized ozonation conditions generated an 
inseparable 1:0.8 mixture (as per 1H NMR) of two products, the oxazolochlorin hemiacetals 14a 
and 15a (Scheme 2 - 4). An ESI+ HRMS of the mixture also shows the presence of two products, 
each identified by its diagnostic oxazolochlorin composition, and both also showing the facile loss 
of water (from [M·H]+). Thus, there is essentially no regioselectivity in the ozone-induced oxidation 
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of a methyl, ethyl-substituted b,b’-double bond, i.e., loss of a C3 (ethyl-substituted b-carbon) or a 
C2 fragment (methyl-substituted b-carbon) take place at about the same frequency. The mixture 
of the two compounds could also not be separated when converted to their acetal derivatives 14b 
and 15b. The chlorin-like optical spectra of the mixtures possess the signature absorption (lmax of 
around 650 nm) (Figure 2 - 2 C) and red emission (see Experimental Section) described by 
Fischer and Deželić.19 The chemical instability of the oxazolochlorins (or likely also of their 
precursor ozonides) also explains the analytical difficulties experienced by Fischer and Deželić. 
2.2.10 Ozonation of meso-tetraarylporphyrins 
Experiments on the ozonation of meso-tetraarylporphyrins (aryl = –C6H5, –C6F5) under the 
same general conditions as described for the b-alkylprophyrins merely showed the formation of 
small amounts of multiple compounds with biladienone-type UV–vis spectra.33 No indication for 
the formation of hydroporphyrins was observed. We therefore conclude that the oxidative 
cleavage of the meso-a-bonds is more facile than the oxidation of the b,b’-double bond. We thus 
did not pursue this reaction any further. 
2.3 Conclusions 
We were able to confirm the pioneering and hitherto largely unrecognized work by Shul’ga et 
al. who firstly demonstrated that careful ozonation of OEP replaces a dialkylated b,b’ double bond 
of the porphyrin with a mono-alkylated hemiacetal functionality, generating a heptaalkyl-
oxazolochlorin.19 Thus, this reaction excised a C3-fragment in a single synthetic step and replaced 
it with an oxygen atom. The ozonation of etioporphyrin I highlighted the lack of regioselectivity of 
the ozone oxidation reaction with respect to whether a methyl- or ethyl-substituted carbon 
fragment is preferentially lost. The two inseparable oxazolochlorins possess the type of chlorin-
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type spectra described by Fischer and Deželić, thus fully clarifying the connectivity of the products 
83 years after their first description by one of the pioneers of synthetic porphyrin chemistry.12 
Like the oxazolochlorins from the meso-aryl series, the b-alkyl analogues are characterized 
by slightly hyperchromic spectra when compared to the parent octaethylchlorins.5a-d, 6 Their optical 
spectra can be modified by reduction of the hemiacetal to an a-alkyl ether functionality or 
conversion of the hemiacetal functionality in 6 to an a-gem-dialkylether, leading to a significant 
red-shift. 
The optical properties of the b-heptaalkyloxazolochlorins and their mode of formation by a 
one-step porphyrin-to-chlorin conversion using the cheap reagent ozone makes these chlorin 
analogues most attractive. Alas, the reaction and products suffer from two major shortcomings: 
Firstly, treating octaalkylporphyrins with ozone results in extensive decomposition of the starting 
material and products, necessitating the quenching of the reaction before all starting material is 
consumed, enforcing tight reaction control, complicating the product isolation and limiting 
somewhat the scales of this reaction. Ultimately more damaging to their potential practical value, 
however, is the high chemical instability of the resulting oxazolochlorins (in solution, during 
chromatography, and particularly under the influence of light or acid). While some derivatives 
proved to be significantly more stable, none were as robust or could be made in good yields as 
their meso-aryl analogues. However, the b-alkyloxazolochlorins, the intriguing dimer, and the 
porpholactones are of considerable academic value. Their intriguing mode of formation and 
reactions further highlights the surprising chemistry that takes place within the constraints of the 
porphyrinic macrocycle, and their optical properties further generalize trends observed in the 
meso-aryl series. 
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2.4 Experimental Section 
2.4.1 Materials and Instruments 
All solvents and reagents (Aldrich, Acros) were reagent grade or better and were used as 
received. A continuous stream of ozone (300 µLmin-1 in a stream of oxygen) was generated using 
an Ozone Services/Yanco Industries Ltd. ozone generator. OEP and etioporphyrin I, gifts by 
David Dolphin, University of British Columbia, Vancouver, Canada. TPP was synthesized 
according to the literature.34 
Analytical (aluminum backed, silica gel 60, 250 µm thickness) and preparative (20 × 20 cm, 
glass backed, silica gel 60, 500 µm thickness) TLC plates, and the flash column silica gel 
(standard grade, 60 Å, 32-63 µm) used were provided by Sorbent Technologies, Atlanta, GA. 
Automated column chromatography was performed on a Teledyne Isco Combiflash Rf on 
Teledyne Gold silica gel columns under the conditions listed. 
1H and 13C NMR spectra were recorded on a Bruker Avance II 400 or a Varian 500 MHz 
instrument in the solvents indicated and were referenced to residual solvent peaks. High and low 
resolution mass spectra were provided by the Mass Spectrometry Facilities at the Department of 
Chemistry, University of Connecticut. UV–vis and fluorescence spectra were recorded on Cary-50 
and Cary Eclipse photospectrometers, Varian Inc, respectively, and IR spectra on a Bruker 
Alpha-P FTIR spectrometer using a diamond ATR unit. The fluorescence quantum yield Φ of 
octaethylporphyrin (OEP) of 0.13 (benzene)35 was used for the comparative determination of the 
quantum yields of the compounds synthesized. 
CAUTION! Ozone is a highly toxic and strong oxidizing agent and forms potentially explosive 
ozonides. Handle with care, perform all experiments in a well-ventilated fume hood, and test all 
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solutions for the presence of ozonides (KI-starch paper or dedicated ozonide test strips) before 
heating or evaporating them to dryness. 
2.4.2 Synthesis and Characterization 
General Procedure for the Ozonation of Octaalkylporphyrins. 
3,7,8,12,13,17,18-Heptaethyl-3-hydroxy-2-oxachlorin (6a). Ozone (flow rate 300 µL O3/min 
in oxygen) was passed at ambient conditions over a solution of OEP (5, 200 mg, 380 × 10-6 mol) 
dissolved in CHCl3 (150 mL, EtOH-stabilized). Reaction progress was monitored by UV–vis 
spectroscopy: The appearance of a peak at ~645 nm indicates the formation of the product. The 
ozonation was continued until the UV–vis spectrum of the reaction mixture reflected a 2:1 ratio of 
the lmax intensities of the chlorin and porphyrin (~10 min). The ozonide in the crude reaction 
mixture was quenched by addition of a methanolic NaBH4 solution (75 mg NaBH4 in 1-2 mL 
MeOH) and the resulting mixture was stirred at ambient temperature for 2-3 h. The solvent was 
then evaporated by rotary evaporation and product 6a was isolated by flash column 
chromatography (silica – CHCl3/hexanes 7:3). The main polar fraction was isolated and 
evaporated to obtain product 6a in 37% yield (48 mg); 34% (67 mg) of the starting material 5 were 
recovered as the least polar fraction. MW = 526.72 g/mol; Rf = 0.86 (CH2Cl2/MeOH 9:1); 1H NMR 
(400 MHz, CDCl3, 300K): d 9.71 (s, 1H), 9.50 (s, 1H), 8.75 (s, 1H), 8.56 (s, 1H), 3.97-3.77 (m, 
12H), 3.03-2.97 (m, 1H), 2.82-2.76 (m, 1H), 1.84 1.75 (m, 18H), 0.94 (t, J = 7.5 Hz, 3H), 1.68 (s, 
1H), 1.96 (s, 1H) ppm; 13C NMR (100 MHz, CDCl3, 300 K): d 163.7, 153.4, 152.0, 148.7, 143.8, 
142.0, 140.7, 140.6, 139.1, 137.0, 136.0, 134.6, 133.4, 130.8, 112.0, 102.1, 98.0, 90.1, 80.1, 34.8, 
19.8, 19.7, 19.54, 19.5, 19.25, 19.2, 18.8, 18.6, 18.5, 18.1, 18.0, 17.7, 8.0 ppm; UV–Vis (C6H6): 
lmax (Rel. I) = 390 (1.00), 490 (0.06), 524 (0.05), 593 (0.03), 646 (0.41) nm; Fl (C6H6, 
lexcitation = 401 nm): lmax = 648 nm, Φ = 0.12; HRMS (ESI+, 100% CH3CN, TOF): m/z calculated 
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for C33H43N4O2 [M·H]+ 527.3381, found 527.3367. Spectroscopic data of 6a correspond to the 
data reported by Shul’ga et al.,19 and are included here for comparison. 
 
  
Figure 2 - 5. 1H NMR spectrum (400 MHz, CDCl3) of 6a. 
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Figure 2 - 6. 13C NMR spectrum (100 MHz, CDCl3) of 6a. 
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Figure 2 - 7. UV–vis spectrum (C6H6) of 6a. 
 
Figure 2 - 8. Fluorescence spectrum (C6H6, lexcitation = 401 nm) of 6a. 
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General Procedure for the Formation of Acetals from 6a. 
3,7,8,12,13,17,18-Heptaethyl-3-methoxy-2-oxachlorin (6b). Hemiacetal 6a (50 mg, 
95 × 10-6 mol) was dissolved in MeOH (50 mL). A catalytic amount of TFA (a puff of the 
headspace vapors of a TFA bottle applied by pipette) was added and the reaction was stirred at 
ambient conditions. The progress of the reaction was monitored by TLC. Once the starting 
material was exhausted (12-16 h), the reaction was quenched by the addition of a drop of Et3N 
and the solution was evaporated to dryness by rotary evaporation. A greenish-blue non-polar 
product was isolated by preparative TLC, providing a yield of 6b of 30-35% (16-18 mg). 
MW = 540.75 g/mol; Rf = 0.80 (CHCl3/Hexanes 7:3); 1H NMR (400 MHz, CDCl3, 300 K): d 9.72 
(s, 1H), 9.52 (s, 1H), 8.68 (s, 1H), 8.62 (s, 1H), 3.98-3.81 (m, 12H), 3.00-2.91 (m, 1H), 2.97 (s, 
3H), 2.80-2.71 (m, 1H), 1.85-1.74 (m, 18H), 0.92 (t, J = 7.5 Hz, 3H), 1.64 (s, 1H),  1.95 (s, 1H) 
ppm; 13C NMR (100 MHz, CDCl3, 300 K): d 164.5, 151.7, 150.6, 148.6, 143.6, 141.9, 140.51, 
140.5, 139.1, 136.9, 135.8, 134.3, 133.3, 130.7, 115.8, 101.8, 98.0, 90.1, 79.4, 50.8, 34.7, 19.7, 
19.5, 19.41, 19.4, 19.15, 19.14, 18.7, 18.5, 18.4, 18.05, 18.0, 17.7, 7.6 ppm; UV–Vis (C6H6): lmax  
(log e) = 390 (5.07), 490 (3.95), 525 (3.91), 591 (3.66), 646 (4.69) nm; Fl (C6H6, lexcitation = 401 nm): 
lmax  = 648 nm, Φ = 0.19; HRMS (ESI+, 100% CH3CN, TOF): m/z calculated for C34H45N4O2 [M·H]+ 
541.3537, found 541.3544. 
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Figure 2 - 9. 1H NMR spectrum (400 MHz, CDCl3) of 6b. 
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Figure 2 - 10. 13C NMR spectrum (100 MHz, CDCl3) of 6b. 
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Figure 2 - 11. UV–vis spectrum (C6H6) of 6b. 
 
Figure 2 - 12. Fluorescence spectrum (C6H6, lexcitation = 401 nm) of 6b. 
3,7,8,12,13,17,18-Heptaethyl-3-ethoxy-2-oxachlorin (6c). Prepared as described for the 
preparation of 6b, except EtOH was used as the alcohol. Isolated yield of 30-35% (17-19 mg). 
MW = 554.78 g/mol; Rf = 0.81 (CHCl3/hexanes 7:3); 1H NMR (400 MHz, CDCl3, 300 K): d 9.62 
(s, 1H), 9.43 (s, 1H), 8.60 (s, 1H), 8.51 (s, 1H), 3.91-3.71 (m, 12H), 3.38-3.31 (m, 1H), 2.93 2.84 
(m, 1H), 2.72-2.62 (m, 2H), 1.76-1.66 (m, 18H), 1.02 (t, J = 7.1 Hz, 3H), 0.82 (t, J = 7.4 Hz, 3H), 
1.71 (s, 1H),  2.01 (s, 1H) ppm; 13C NMR (100 MHz, CDCl3, 300 K): d 164.6, 151.6, 151.5, 148.6, 
143.5, 141.9, 140.5, 140.4, 139.0, 136.9, 135.7, 134.2, 133.2, 130.7, 115.6, 101.8, 98.0, 90.0, 
N
NH
O
N
HN
OMe
2. b-Alkyloxazolochlorins: Revisiting the Ozonation of Octaalkylporphyrins 
 
 45 
79.4, 59.1, 34.9, 19.7, 19.6, 19.4, 19.3, 19.1, 19.15, 18.7, 18.5, 18.3, 18.0, 17.9, 17.5, 15.3, 
7.5 ppm; UV–vis (C6H6): lmax  (log e) = 390 (5.22), 490 (4.02), 525 (3.97), 593 (3.73), 648 (4.84) 
nm; Fl (C6H6, lexcitation = 401 nm): lmax  = 649 nm, Φ = 0.14; HRMS (ESI+, 100% CH3CN, TOF): 
m/z calculated for C35H47N4O2 [M·H]+ 555.3694, found 555.3698. 
 
 
Figure 2 - 13. 1H NMR spectrum (400 MHz, CDCl3) of 6c. 
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Figure 2 - 14. 13C NMR spectrum (100 MHz, CDCl3) of 6c 
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Figure 2 - 15. UV–vis spectrum (C6H6) of 6c. 
 
Figure 2 - 16. Fluorescence spectrum (C6H6, lexcitation = 401 nm) of 6c. 
3,7,8,12,13,17,18-Heptaethyl-3-isopropoxy-2-oxachlorin (6d). Prepared as described for 
6b, except i-PrOH was used as the alcohol. Isolated yield of 30-35% (17-19 mg). 
MW = 568.81 g/mol; Rf = 0.81 (CHCl3/hexanes 7:3); 1H NMR (400 MHz, CDCl3, 300 K): d 9.62 
(s, 1H), 9.43 (s, 1H), 8.61 (s, 1H), 8.50 (s, 1H), 3.91-3.70 (m, 12H), 3.11-3.05 (m, 1H), 2.90-2.81 
(m, 1H), 2.69-2.60 (m, 1H), 1.76-1.65 (m, 18H), 1.16 (t, J = 6.1 Hz, 3H), 0.80-0.77 (m, 6H),  1.69 
(s, 1H),  1.98 (s, 1H) ppm; 13C NMR (100 MHz, CDCl3, 300 K): d 163.6, 151.4, 150.5, 147.5, 142.5, 
140.8, 139.44, 139.41, 138.0, 135.9, 134.6, 133.2, 132.2, 129.6, 115.2, 100.7, 97.0, 89.3, 78.5, 
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67.0, 34.6, 23.7, 23.1, 18.64, 18.61, 18.35, 18.33, 18.11, 18.1, 17.6, 17.5, 17.3, 17.0, 16.97, 16.5, 
6.4 ppm; UV–vis (C6H6): lmax  (log e) = 390 (5.16), 490 (4.01), 525 (3.95), 594 (3.72), 648 
(4.78) nm; Fl (C6H6, lexcitation = 401 nm): lmax  = 650 nm, Φ = 0.12; HRMS (ESI+, 100% CH3CN, 
TOF): m/z calculated for C36H49N4O2 [M·H]+ 569.3850, found 569.3864. 
 
 
Figure 2 - 17. 1H NMR spectrum (400 MHz, CDCl3) of 6d. 
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Figure 2 - 18. 13C NMR spectrum (100 MHz, CDCl3) of 6d. 
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Figure 2 - 19. UV–vis spectrum (C6H6) of 6d. 
 
Figure 2 - 20. Fluorescence spectrum (C6H6, lexcitation = 401 nm) of 6d. 
3,7,8,12,13,17,18-Heptaethyl-2-oxachlorin (7). Hemiacetal 6a (50 mg, 95 × 10-6 mol) was 
dissolved in dry CH2Cl2 (15 mL) at ambient temperature under an atmosphere of N2 and excess 
Et3SiH (18.0 equiv, ca. 200 μL) and excess BF3·OEt2 (30.0 equiv, ca. 400 μL) were added. The 
RBF was wrapped with aluminum foil to minimize exposure to light. The reaction progress was 
monitored by UV−vis spectroscopy: An aliquot of the reaction mixture was neutralized with a 
saturated aq. solution of NaHCO3 and extracted with a small amount of CH2Cl2. The organic phase 
is transferred to an UV–vis cuvette. The formation of a new peak at around 662 nm indicated the 
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formation of the product. Upon consumption of the starting material (2 h), the reaction mixture 
was washed twice with a saturated aq. NaHCO3 solution and extracted with CH2Cl2 (2 × 10 mL). 
The reaction can also be catalyzed by Amberlyst 15 (650 mg) but then the reaction takes longer 
to complete (12 h). The organic phase was dried over anhyd. MgSO4, and evaporated to dryness 
by rotary evaporation. Flash chromatography (silica – CH2Cl2) was used to isolate and purify the 
product. The product undergoes spontaneous (photo)oxidation back to the starting material upon 
handling. MW = 510.73 g/mol; Rf = 0.94 (CH2Cl2); 1H NMR (400 MHz, CDCl3, 300 K): d 9.54 
(s, 1H), 9.35 (s, 1H), 8.28 (s, 1H), 6.78 9 (s, 1H), 6.71 (s, 1H), 3.89 3.69 (m, 12H), 2.46 2.40 
(m, 1H), 2.37 2.32 (m, 1H), 1.83-1.70 (m, 18H), 0.50 (t, J = 7.7 Hz, 3H),  0.94 (s, 1H),  1.10 (s, 1H) 
ppm (sample contained ~12% 6a); UV–vis (C6H6): lmax  (Rel. I) = 390 (1.00), 494 (0.07), 530 
(0.07), 608 (0.05), 660 (0.32) nm; LRMS (ESI+, 100% CH3CN, TOF): m/z calculated for 
C33H43N4O [M·H]+ 511.7335, found 511.3413. 
 
Figure 2 - 21. UV–vis spectrum (CH2Cl2) of 7. 
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Figure 2 - 22. 1H NMR spectrum (400 MHz, CDCl3) of 7; * indicates the presence of 12% of 6a 
formed by oxidation of 7 during workup. 
Furan-linked bis([oxazolochlorinato]zinc) dimer (10Zn). Hemiacetal 6a (90 mg, 
170 × 10-6 mol), was dissolved in CH3CN (20 mL) and warmed to reflux. A solution of ZnCl2 
(ca. 3-5 equiv, 80-120 mg) in CH3CN (5-10 mL) was added and the mixture was stirred and heated 
for 1 h. The reaction progress was monitored by TLC (silica − CH2Cl2). After the consumption of 
the starting material, the reaction mixture was extracted with CH2Cl2 (3 × 10 mL). The organic 
phase was isolated, dried over Na2SO4, and evaporated to dryness by rotary evaporation. The 
crude mixture was purified by preparative plate chromatography (silica – CH2Cl2/hexane 1:1) to 
provide the blue dimer 10Zn in ca. 40% yield (40 mg). MW = 1160.15 g/mol; Rf = 0.85 (CH2Cl2); 
1H NMR (400 MHz, CDCl3, 300K): d 9.51 (s, 2H), 9.33 (s, 2H), 9.24 (s, 2H), 8.67 (s, 2H), 4.03-3.98 
(m, 4H), 3.86-3.73 (m, 20H), 1.94 (t, J = 7.6 Hz, 6H), 1.82 (t, J = 7.7 Hz, 6H), 1.78-1.68 (m, 26H), 
1.48 (d, J = 5.9 Hz, 6H) ppm; 13C NMR (100 MHz, CDCl3, 300 K): d 161.8 (4°), 153.2 (4°), 150.8 
(4°), 145.7 (4°), 145.5 (4°), 145.4(4°), 144.1(4°), 143.1(4°), 142.7 (4°), 142.3 (4°), 140.8 (4°), 139.0 
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(4°), 138.8 (4°), 137.1 (4°), 118.8 (4°), 103.5 (3°), 99.7 (3°), 92.5 (3°), 79.1 (3°), 52.7 (3°), 29.7 
(2°), 19.6 (2°), 19.5 (2°), 19.42 (2°), 19.38 (2°), 19.34 (2°), 18.55 (1°) 18.54 (1°), 18.4 (1°), 18.3 
(1°), 18.2 (1°), 17.8 (1°), 11.5 (1°) ppm; UV–vis (C6H6): lmax  (log e) = 389 (5.28), 410 (5.35), 
503 (4.04), 541 (4.14), 570 (4.24), 613 (5.11) nm; Fl (C6H6, lexcitation = 401 nm): 
lmax = 615 nm,  Φ = 0.09; HRMS (ESI+, 100% CH3CN, TOF): m/z calculated for C66H78N8O3Zn2 
of [M·2H]2+ 580.2369, found 580.2363 (isotope pattern spaced by ½ amu). 
 
 
Figure 2 - 23. 1H NMR spectrum (400 MHz, CDCl3) of 10Zn. 
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Figure 2 - 24. 13C NMR spectrum (100 MHz, CDCl3) of 10Zn. 
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Figure 2 - 25. DEPT-135 NMR spectrum (100 MHz, CDCl3) of 10Zn. 
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Figure 2 - 26. HRMS (ESI+, TOF, 100% CH3CN) of 10Zn. 
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Figure 2 - 27. UV–vis spectrum (C6H6) of 10Zn. 
 
Figure 2 - 28. Fluorescence spectrum (C6H6, lexcitation = 401 nm) of 10Zn. 
Furan-linked bis(oxazolochlorin) dimer (10). A crude solution of 10Zn in CH2Cl2 (10 mL) 
prepared as described above (ca. 40 mg, ca. 3.0 × 10-5 mol) was washed with a 6 M HCl solution 
(10 mL) in a separatory funnel. The organic phase was then washed with water (2 × 10 mL) and 
finally with a saturated aq. NaHCO3 solution (10 mL). The organic phase was isolated, dried over 
Na2SO4, and evaporated to dryness by rotary evaporation. The product was purified by 
preparative plate chromatography (silica – CH2Cl2/CH3OH 99:1) to provide dark green free base 
dimer 10 in 20-25% yield (8 mg). MW = 1033.42 g/mol; Rf = 0.20 (CH2Cl2); 1H NMR (400 MHz, 
CDCl3, 300 K): d 9.74 (s, 2H), 9.56 (s, 2H), 9.46 (s, 2H), 8.92 (s, 2H), 4.16 (dd, J = 7.6, 3.9 Hz, 
4H), 4.04-3.94 (m, 12H), 3.83 (t, J = 7.3 Hz, 8H), 2.07 (t, J = 7.6 Hz, 6H), 1.91 (t, J = 7.7 Hz, 6H), 
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1.85 (td, J = 7.6, 1.5 Hz, 12H), 1.78 (td, J = 7.6, 1.6 Hz, 14H), 1.45-1.43 
(m, 6H), -1.71 (s, 2H), -1.98 (s, 2H) ppm; UV–vis (C6H6): lmax  (log e) = 400 (5.36), 490 (4.34), 526 
(4.33), 592 (3.98), 616 (3.98), 644 (5.04) nm; Fl (C6H6, lexcitation = 401 nm): lmax = 646 nm, 
Φ = 0.20; HRMS (ESI+, 100% CH3CN, TOF): m/z calculated for C66H81N8O3 [M·H]+ 1033.6426, 
found 1033.6405. 
  
 
Figure 2 - 29. 1H NMR spectrum (400 MHz, CDCl3) of 10. 
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Figure 2 - 30. HRMS (ESI+, TOF, 100% CH3CN) of 10. 
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Figure 2 - 31. UV–vis spectrum (C6H6) of 10. 
 
Figure 2 - 32. Fluorescence spectrum (C6H6, lexcitation = 401 nm) of 10. 
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Furan-linked bis([oxazolochlorinato]copper) dimer (10Cu). Hemiacetal 6a (50 mg, 
95 × 10-6 mol), was dissolved in CH3CN (20 mL) and warmed. A solution of Cu(OAc)2·H2O 
(3-5 equiv., 50-90 mg) in CH3CN (5-10 mL) was added and the mixture was stirred and heated to 
reflux for 2-3 h. The reaction progress was monitored by TLC (silica − CH2Cl2). After the 
consumption of the starting material, the reaction mixture was extracted with CH2Cl2 (3 × 10 mL). 
The organic phase was isolated, dried over Na2SO4, and evaporated to dryness by rotary 
evaporation. The crude mixture was purified by preparative plate chromatography 
(silica – CH2Cl2/hexane 1:1) to provide the blue dimer 10Cu in 45-50% yield (27 mg). 
MW = 1156.48 g/mol; Rf = 0.86 (CH2Cl2); UV–vis (C6H6): lmax  (log e) = 381 (5.12), 404 (5.30), 496 
(3.91), 533 (4.11), 566 (4.17), 609 (4.99) nm; HRMS (ESI+, 100% CH3CN, TOF): m/z calculated 
for C66H78N8O3Cu2 of [M·2H]2+ 578.2389, found 578.2338 (isotope pattern spaced by ½ amu). 
 
Figure 2 - 33. UV–vis spectrum (C6H6) of 10Cu. 
N
N
O
N
N
N
NO N
N
Cu
Cu
O
2. b-Alkyloxazolochlorins: Revisiting the Ozonation of Octaalkylporphyrins 
 
 62 
 
Figure 2 - 34. HRMS (ESI+, TOF, 100% CH3CN) of 10Cu. 
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[7,8,12,13,17,18-Heptaethyl-2-oxa-3-oxoporphyrinato]zinc(II) (11Zn). Hemiacetal 6a 
(30 mg, 57 × 10-6 mol), was dissolved in CH3CN (20 mL) and heated to reflux. A solution of ZnCl2 
(ca. 3−5 equiv, 25−40 mg) in CHCl3 (5−10 mL) was added and the mixture was stirred and heated 
for 1 h. The reaction progress was monitored by TLC (silica − CH2Cl2, appearance of blue dimer 
10Zn). After the consumption of 6a, the reaction mixture was stirred overnight in the presence of 
air and light (45 W). The consumption of the dimer and appearance of the purple product was 
monitored by UV–vis spectroscopy to make sure dimer was consumed (after ~12 h). The reaction 
mixture was reduced to half by rotary evaporation, water was added (20 mL), and the product 
extracted with CH2Cl2 (3 × 10 mL). The organic phase was isolated, dried over Na2SO4, and 
evaporated to dryness by rotary evaporation. The main product was purified by flash column 
chromatography (silica - CH2Cl2) to produce 11Zn in 25% yield (8 mg). 
MW = 560.02 g/mol;  Rf = 0.82 (CH2Cl2); 1H NMR (400 MHz, CDCl3, 300 K): d 9.54 (s, 1H), 
9.49 (s, 1H), 9.32 (s, 1H), 8.70 (s, 1H), 3.94-3.87 (m, 4H), 3.84-3.71 (m, 6H), 3.67 (q, J = 7.7 Hz, 
2H), 1.80 (t, J = 7.7 Hz, 6H), 1.77-1.70 (m, 12H) ppm; 13C NMR (100 MHz, CDCl3 + 5% CD3OD, 
300 K): d 170.4, 151.7, 151.4, 148.7, 148.6, 147.3, 145.9, 145.8, 144.1, 143.0, 142.5, 141.8, 
141.5, 141.0, 124.7, 101.8, 98.3, 98.2, 82.0, 19.53, 19.52, 19.51, 19.50, 19.32, 19.31, 18.56, 
18.52, 18.39, 18.38, 18.37, 18.0 ppm; FTIR (neat, diamond ATR, cm-1): 1760 (nC=O); UV–vis 
(C6H6): lmax (log e) = 405 (5.08), 556 (3.82), 574 (3.80), 598 (4.71) nm; Fl (C6H6, 
lexcitation = 401 nm): lmax  = 600 nm, Φ = 0.11; HRMS (ESI+, 100% CH3CN, TOF): m/z calculated 
for C31H34N4O2Zn [M]+ 558.1973, found 558.1944. 
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Figure 2 - 35. 1H NMR spectrum (400 MHz, CDCl3) of 11Zn. 
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Figure 2 - 36. 13C NMR spectrum (100 MHz, CDCl3 + 5% CD3OD) of 11Zn. 
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Figure 2 - 37. UV–vis spectrum (C6H6) of 11Zn. 
 
Figure 2 - 38. Fluorescence spectrum (C6H6, lexcitation = 401 nm) of 11Zn. 
 
Figure 2 - 39. FTIR spectrum (neat, diamond ATR) of 11Zn. 
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7,8,12,13,17,18-Hexaethyl-2-oxa-3-oxoporphyrin (11). [7,8,12,13,17,18-Heptaethyl-2-oxa-
3-oxoporphyrinato]zinc(II) 10Zn (10 mg, 1.8 × 10-5 mol), was dissolved in CH2Cl2 (10 mL) and 
washed with a 6 M HCl solution (10 mL) in a separatory funnel. The organic phase was washed 
with water (2 × 10 mL) and finally with a saturated aq. NaHCO3 solution (10 mL). The organic 
phase was isolated, dried over Na2SO4, and evaporated to dryness by rotary evaporation. The 
main product was isolated by flash column chromatography (silica - CH2Cl2) to provide free-base 
11 in 90% yield (8 mg). MW = 496.65 g/mol; Rf = 0.9 (CH2Cl2); 1H NMR (400 MHz, CDCl3, 300 K): 
d 9.85 (s, 2H), 9.68 (s, 1H), 9.01 (s, 1H), 4.05-3.85 (m, 12H), 1.88-1.78 (m, 18H),  3.24 (s, 1H), 
3.54 (s, 1H) ppm; 13C NMR (100 MHz, CDCl3, 300 K): d 170.4, 154.6, 154.1, 151.9, 145.4, 144.0, 
140.7, 139.1, 138.7, 138.4, 138.1, 136.4, 134.4, 133.8, 130.2, 100.7, 97.6, 97.0, 82.8, 19.71, 
19.70, 19.4, 19.39, 19.23, 19.22, 18.6, 18.4, 18.37, 18.2, 18.1, 17.8 ppm; FTIR (neat, Diamond 
ATR, cm-1): 1749 (nC=O); UV–vis (C6H6): lmax  (log e) = 394 (5.10), 504 (3.77), 541 (4.08), 574 
(3.53), 630 (4.29) nm; Fl (C6H6, lexcitation = 401 nm): lmax  = 632 nm, Φ = 0.16; HRMS (ESI+, 100% 
CH3CN, TOF): m/z calculated for C31H37N4O2 [M·H]+ 497.2911, found 497.2890. 
2. b-Alkyloxazolochlorins: Revisiting the Ozonation of Octaalkylporphyrins 
 
 68 
 
 
Figure 2 - 40. 1H NMR spectrum (400 MHz, CDCl3) of 11. 
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Figure 2 - 41. 13C NMR spectrum (100 MHz, CDCl3) of 11. 
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Figure 2 - 42. UV–vis spectrum (C6H6) of 11. 
 
Figure 2 - 43. Fluorescence spectrum (C6H6, lexcitation = 401 nm) of 11. 
 
Figure 2 - 44. FTIR spectrum (neat, diamond ATR) of 11. 
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3,7,8,12,13,17,18-Heptaethyl-3-isopropyl-2-oxachlorin (12). Hemiacetal 6a (50 mg, 
90 × 10-6 mol) and Zn(OAc)2.4H2O (ca. 3-5 equiv, 80-120 mg) were dissolved in dry THF (10 mL). 
A drop of Et3N was added and the mixture was heated to reflux under an atmosphere of N2 for 
4 h. The reaction progress was monitored by TLC (silica − CH2Cl2, appearance of blue dimer 
10Zn). After the consumption of 6a, the heating was turned off and reaction mixture was allowed 
to cool. Still under N2, TMSOTf (2.0 equiv, 0.04 mL) was added and the mixture was stirred for 
5-10 min at ambient temperature. Then iPrMgCl (4 equiv., 0.20 mL of a 2.0 M solution in THF) 
was added and the mixture was stirred for an additional 5 min. An aliquot of the reaction mixture 
is treated with a drop of 6 M aq. HCl solution and neutralized with a saturated aq. NaHCO3 solution 
and extracted with a small amount of CH2Cl2. The organic phase was transferred to an UV–vis 
cuvette. The formation of a new peak at around 662 nm indicated the formation of the product. 
Upon consumption of the starting material, the reaction was quenched with water (1-2 mL), then 
aq. HCl (6 M, 10 mL); this also effected the demetalation of the zinc chlorin. The mixture was then 
neutralized with a saturated aq. NaHCO3 solution and extracted with CH2Cl2 (3 × 10 mL). The 
organic phase was isolated, dried over Na2SO4, and evaporated to dryness by rotary evaporation. 
The crude mixture was purified by preparative TLC (silica – CH2Cl2/hexanes 3:2) to furnish 12 as 
a greenish powder (~15% yield, 7 mg, calculated over two steps from hemiacetal 6a as crude 
starting material was used); MW = 552.81 g/mol; Rf = 0.90 (CH2Cl2); 1H NMR (400 MHz, CDCl3, 
300 K): d 9.51 (s, 1H), 9.31 (s, 1H), 8.32 (s, 1H), 8.17 (s, 1H), 3.90-3.72 (m, 12H), 2.87-2.79 (m, 
1H), 2.7-2.6 (m, 1H), 2.43-2.34 (m, 1H), 1.81-1.69 (m, 18H), 1.36 (d, J = 6.8 Hz, 3H), 0.83 (d, 
J = 6.9 Hz, 3H), 0.67 (t, J = 7.3 Hz, 3H),  0.93 (s, 1H),  1.24 (s, 1H) ppm; 13C NMR (125 MHz, 
CDCl3, 300 K): d 168.5, 159.8, 151.1, 147.9, 143.0, 141.4, 141.2, 140.5, 139.1, 137.8, 135.1, 
134.2, 132.2, 130.3, 102.1, 98.1, 97.8, 88.1, 78.8 40.0, 33.2, 19.74, 19.71, 19.46, 19.42, 19.23, 
19.18, 18.8, 18.6, 18.4, 18.1, 17.9, 17.6, 17.1, 16.8, 7.8 ppm; UV–vis (C6H6): lmax  (log e) = 393 
(5.01), 494 (3.87), 529 (3.87), 606 (3.64), 662 (4.64) nm; Fl (C6H6, lexcitation = 401 nm): 
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lmax = 664 nm, Φ = 0.19; HRMS (ESI+, 100% CH3CN, TOF): m/z calculated for C36H49N4O [M·H]+ 
553.3901, found 553.3875. 
        
 
Figure 2 - 45. 1H NMR spectrum (400 MHz, CDCl3) of 12. 
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Figure 2 - 46. 13C NMR spectrum (125 MHz, CDCl3) of 12. 
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Figure 2 - 47. UV–vis spectrum (C6H6) of 12. 
  
Figure 2 - 48. Fluorescence spectrum (C6H6, lexcitation = 401 nm) of 12. 
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Ozonation of etioporphyrin I (13): 3,8,13,18-Tetraethyl-7,12,17-trimethyl-3-hydroxy-2-
oxachlorin (14a) and 8,13,18-Triethyl-2,7,12,17-tetramethyl-2-hydroxy-3-oxachlorin (15a). 
Prepared as described for the ozonation of 6a, except etioporphyrin I (13) was used as the starting 
material. An inseparable 1:0.8 mixture of the isomeric products 3,8,13,18-tetraethyl-7,12,17-
trimethyl-3-hydroxy-2-oxachlorin (14a) and 8,13,18-triethyl-2,7,12,17-tetramethyl-2-hydroxy-3-
oxachlorin (15a) was formed, respectively. MW = 484.64 g/mol (14a), MW = 470.62 g/mol (15a); 
Rf = 0.86 (MeOH/CH2Cl2 1:9); 1H NMR (400 MHz, CDCl3, 300 K): d 9.69 (s, 1H, 14a), 9.66 (s, 1H, 
15a), 9.47 (s, 1H, 15a), 9.46 (s, 1H, 14a), 8.77 (s, 1H, 15a), 8.73 (s, 1H, 14a), 8.54 (s, 1H, 14a), 
8.49 (s, 1H, 15a), 3.95-3.77 (m, 12H, 14a+15a), 3.48 (s, 3H, 15a), 3.44 (s, 3H, 14a), 3.37 (s, 6H, 
14a), 3.35 (s, 3H, 15a), 3.31 (s, 3H, 15a), 3.03-2.97 (m, 1H, 14a), 2.83-2.77 (m, 1H, 14a), 
1.76-1.70 (m, 18H, 14a+15a), 0.94 (t, J = 7.5 Hz, 3H, 14a), -1.73 (s, 2H, 14a+15a), -2.00 (s, 2H, 
14a+15a) ppm; UV–vis (C6H6): lmax  (Rel. I) = 397 (1.00), 491 (0.09), 525 (0.07), 603 (0.07), 640 
(0.20) nm; HRMS (ESI+, 100% CH3CN, TOF): m/z calculated for C30H37N4O2 [M·H]+ 485.2911, 
found 485.3150 (14a); m/z calculated for C29H35N4O2 [M·H]+: 471.2755 found 471.4035 (15a). 
 
Figure 2 - 49. UV–vis spectrum (CH2Cl2) of a 1:0.8 ratio inseparable mixture of 14a and 15a. 
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Figure 2 - 50. 1H NMR spectrum (400 MHz, CDCl3) of a 1:0.8 ratio inseparable mixture of 14a 
and 15a. 
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Acetalization of 14a and 15a: 3,8,13,18-Tetraethyl-7,12,17-trimethyl-3-methoxy-2-
oxachlorin (14b) and 8,13,18-Triethyl-2,7,12,17-tetramethyl-2-methoxy-3-oxachlorin (15b). 
Prepared as described for 6a, except a mixture of 14a and 15a was used as the starting 
material. An inseparable 1:0.7 mixture of methoxyacetals 14b and 14b was formed. MW = 498.67 
g/mol (14b), MW = 484.64 g/mol (15b); Rf = 0.85 (CHCl3/hexanes 7:3); 1H NMR (400 MHz, CDCl3, 
300 K): d 9.75 (s, 1H, 14b), 9.72 (s, 1H, 15b), 9.54 (s, 1H, 15b), 9.52 (s, 1H, 14b), 8.74 (s, 1H, 
15b), 8.71 (s, 1H, 14b), 8.65 (s, 1H, 14b), 8.60 (s, 1H, 15b), 4.00-3.83 (m, 12H, 14b+15b), 3.53 
(s, 3H, 15b), 3.49 (s, 3H, 14b), 3.42 (s, 3H, 14b), 3.41 (s, 3H, 14b), 3.39 (s, 3H, 15b), 3.37 (s, 3H, 
15b), 3.03-2.95 (m, 1H, 14b), 3.00 (s, 3H, 14b), 2.97 (s, 3H, 15b), 2.84 2.75 (m, 1H, 14b), 2.56 
(s, 1H, 15b), 1.83-1.73 (m, 18H, 14b+15b), 0.95 (t, J = 7.3, 3.7 Hz, 3H, 14b), -1.64 (s, 2H, 
14b+15b), -1.94 (s, 2H, 14b+15b) ppm; UV–vis (C6H6): lmax  (Rel. I) = 385 (1.00), 488 (0.07), 523 
(0.06), 587 (0.04), 642 (0.29) nm; HRMS (ESI+, 100% CH3CN, TOF): m/z calculated for 
C31H39N4O2 [M·H]+ 499.3068 found 499.3045 (14b), m/z calculated for C30H37N4O2 [M·H]+ 
485.2911 found 485.2940 (15b). 
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Figure 2 - 51. 1H NMR spectrum (400 MHz, CDCl3) of a 1:0.7 ratio inseparable mixture of 14b 
and 15b. 
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Figure 2 - 52. UV–vis spectrum (CH2Cl2) of a 1:0.7 ratio inseparable mixture of 14b and 15b. 
 
Figure 2 - 53. Fluorescence spectrum (CH2Cl2) of a 1:0.7 ratio inseparable mixture of 14b and 
15b. 
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Figure 2 - 54. HR ESI+ MS (100% CH3CN) of a 1:0.7 ratio inseparable mixture of 14b and 15b. 
2.5 X-Ray Diffractometry 
Complete crystallographic data, in CIF format, have been deposited with the Cambridge 
Crystallographic Data Centre. CCDC-1476685 contains the supplementary crystallographic data 
for 10Cu. These data can be obtained free of charge from The Cambridge Crystallographic Data 
Centre via http://www.ccdc.cam.ac.uk/data_request/cif. 
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3 Fusion and Desulfurization Reactions of Thiomorpholinochlorins 
3.1 Introduction 
We, and others, have achieved the synthesis of porphyrinoids by formal replacement of a 
pyrrole in porphyrins by a six-membered ring.1,2,3,4,5,6 Examples of such porphyrin or chlorin 
analogues are the carbaporphyrinoid benziporphyrin 1,2a,6 or the pyrrole-modified porphyrinoids 
morpholinochlorin 2/2Ni4 or pyrazinoporphyrin 3.5 Compound 1, was synthesized from mono-
pyrrolic precursors.3 Oxypyriporphyrins can either be accessed using total synthesis or porphyrin 
modification methodologies,2,6,7 whereas access to pyrazinoporphyrins5,8 and morpholino-
chlorins4,9 was exclusively described along step-wise porphyrin modification strategies. Other 
examples, such as lactone 4, were discovered as fortuitous products along likely non-
generalizable reaction pathways.10 Lactone 4 is also an example for porphyrinoids containing a 
non-pyrrolic heterocycle and a covalent linkage to a neighboring meso-aryl group.2,9 
  
We introduced the synthesis of a 2,3-dimethylenethiomorpholinochlorin, as its nickel(II) 
complex 8Ni.7d It was prepared by reaction of the bisketone-substituted secochlorin 6Ni with 
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Lawesson’s reagent11 (Scheme 3 - 1). The secochlorin was made by oxidative diol cleavage of 
diol 5Ni, itself available by MeMgBr addition to well-known meso-tetraphenyl-2,3-dioxochlorin.12 
 
Scheme 3 - 1. Known synthesis of thiomorpholinochlorin 8Ni.7d 
Contrary to the well-studied benziporphyrins,2a we note that only little of the chemistry of the 
porphyrinoids containing six-membered heterocycles was reported.2-6 We detail here our 
investigation into the conversions of thiamorpholinochlorins with respect to the formation of 
linkages to the o position of the flanking meso-phenyl groups and (hydro)desulfurization reactions, 
leading to the formation of a number of novel porphyrinoids 
3.2 Results and Discussion 
3.2.1 X-Ray Crystal Structure of [2,3-Dimethylenethiomorpholinochlorinato]nickel(II) 8Ni 
We were now able to grow crystals of the nickel complex of 2,3-dimethylenethiomorpholino-
chlorin 8Ni suitable for X-ray diffraction analysis (Figure 3 - 1). Its considerably ruffled 
conformation (of helimeric chirality) is comparable to that observed in morpholinochlorin 2Ni.4 At 
first glance, the minimal conformational effects that the presence of the ring sulfur and the two 
sp2-ring carbons in the thiamorpholine moiety elicit, when compared to the conformation of the 
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morpholinochlorin nickel complex 2Ni bearing the smaller ring oxygen and two sp3-ring carbons 
in the morpholine moiety, are surprising. However, this highlights once again that the 
conformations of these classes of porphyrinoids are largely determined by their coordination to 
the relatively small low-spin nickel(II) ion.4,13 Correspondingly, the average Ni–N bond distances 
are in both molecules similarly short. 
 
Figure 3 - 1. Stick representation of the single crystal X-ray structure of the compounds 
indicated: Left column, oblique view; middle column, front view. Only one of the two 
enantiomers present in the crystals of the racemic mixture of the compounds is shown, and for 
11Ni only one of two independent molecules. Right column: Out-of-plane displacement plots of 
the chlorin macrocycle of the experimentally determined conformations of the compounds 
indicated. The plot for 10Ni (black) is overlaid with the out-of-plane displacement plot for 8Ni 
(pink); the plot for 11Ni (black) is overlaid with the out-of-plane displacement plot for 5Ni 
(green). 
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3.2.2 Acid-Induced Ring-Closure Reaction of Thiamorpholinochlorin 8Ni 
 
Scheme 3 - 2. Transformations of thiomorpholinochlorin 8Ni. 
Treatment of the thiomorpholinochlorin 8Ni with 3.3% TFA/ CH2Cl2 at ambient temperature 
converted the initially olive-green-colored, non-polar starting material in good yield into a dark 
green, non-polar product, 10Ni (Scheme 3 - 2). The composition of 10Ni (as per ESI+ HRMS, 
C46H30N4NiS for [M+]) was identical to that of the starting material, indicating that merely an 
isomerization had taken place. The 1H NMR spectrum of the product showed that the two-fold 
symmetry of 8Ni was retained, the methylene protons were replaced by methyl groups, and the 
diagnostic shifts and pattern for the presence of a b-to-o-phenyl-linkage became evident 
(Figure 3 - 2). This suggested a bis-phenyl-linked connectivity. Connectivity and relative 
trans-stereochemistry of the morpholine methyl groups in 10Ni were confirmed by X-ray 
diffractometry (Figure 3 - 1). 
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Figure 3 - 2.1H NMR spectra (400 MHz, CDCl3, 298 K) of the compounds indicated. * = solvent 
peak 
The establishment of two linkages with the two b-methyl groups in a trans-configuration can 
be rationalized by a Markovnikov-addition of a proton to the exocyclic double bond, followed by a 
Friedel-Crafts-type alkylation of the o-positions of the flanking meso-phenyl groups in the twisted 
conformation of the precursor. Irrespective of the ring fusions that took place, the conformation of 
the macrocycle of 10Ni is nearly identical to that of its parent compound 8Ni (Figure 3 - 1). 
Nonetheless, a slight lengthening of the Ni–N bond distances is observed, a sign of some in-plane 
distortions imposed by the fusions. Overall, the conformation highlights again the enormous 
influence the central nickel ion possesses on the conformation of these porphyrinoids.4,13 
The UV–vis spectrum of 10Ni is metallochlorin-like but, compared to the spectrum of 8Ni, the 
Soret band is 14 nm red-shifted and the Q-band region is significantly broadened (Figure 3 - 3). 
We attribute this to the electronic effects of the co-planar annulated meso-phenyl groups. A 
number of precedents of such intramolecular ring-fusions were described for porphyrins in 
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general,14 and for morpholinochlorins in particular.4 These examples already illustrated the only 
modest electronic influences of one or two idealized co-planar meso-phenyl groups linked to the 
b-position. 
  
Figure 3 - 3. UV–vis spectra (CH2Cl2) of the compounds indicated. 
3.2.3 Reaction of [Thiomorpholinochlorinato]nickel(II) 8Ni with Raney-nickel 
Raney-nickel is well-known to induce hydrodesulfurization reactions.15 When 
2,3-dimethylenethio-morpholinochlorin 8Ni is treated with Raney-nickel in THF at ambient 
temperature and 1 bar H2 pressure, a multitude of porphyrinic products were formed. We isolated 
and identified a red colored compound, 9Ni, with a regular metalloporphyrin like UV–vis spectrum 
(see experimental section) in low (~5%) yields (Scheme 3 - 2). The HRMS (ESI+ 100% CH3CN) 
analysis indicated the loss of the sulfur and that a formal hydrogenation had taken place. Its 
1H NMR spectrum suggested a [meso-tetraphenyl-2,3-dimethylporphyrinato]Nickel(II) structure 
for 9Ni. While this synthesis of a b,b’-dimethylporphyrin has no practical value,16 from a 
fundamental point of view the outcome was encouraging. It demonstrated that 
thiomorpholinochlorin 8Ni is susceptible to Raney-nickel-induced reduction and desulfurization 
reactions while maintaining the porphyrin framework. We rationalize the formation of the many 
reaction products with the convolution of three functional groups that are affected by the reaction 
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conditions. This assessment proved to be correct, as indicated by the (hydro)desulfurization 
experiments on thiomorpholine derivative 10Ni lacking the exocyclic double bonds. 
3.2.4 Raney-Nickel-Induced Desulfurization Reactions of Bis-Fused [Morpholinochlori-
nato]nickel(II) 10Ni 
On reacting bis-fused thiomorpholinochlorin 10Ni with Raney-nickel and H2 at ambient 
conditions (Scheme 3 - 2), a mixture of two non-polar compounds was formed, 11Ni (major 
product, 60% yield) and 12Ni (minor product, 10% yield). The composition of both compounds, 
as per HRMS (for [M]+), was C46H30N4Ni and C46H32N4Ni, respectively, indicating the absence of 
sulfur, identical C and N atom counts as found in the starting material, and their difference by 2 H 
atoms. The 1H NMR spectra of both products showed significant chemical shift differences but 
both exhibited two-fold symmetry, the retention of the o-linked phenyl groups, the presence of two 
sp3-hybridized carbons, one of which belonging to a methyl group (Figure 3 - 2 and experimental 
section). Two significant differences are that the two equivalent methyl groups in 11Ni appear as 
a singlet, while those of 12Ni are coupled with a proton at 5.4 ppm, and 11Ni possesses a 
near-regular metallochlorin UV–vis spectrum, but the spectrum for 12Ni is much red-shifted and 
broadened (Figure 3 - 4). We thus assigned 11Ni and 12Ni the bis-phenyl-linked 2,3-trans--
dimethylchlorin and bisindene-annulated structures, respectively. 
The connectivity of the dimethylchlorin nickel complex 11Ni could be confirmed by single 
crystal Xray diffractometry (Figure 3 - 1). Using the Ni–N bond distances as a measure of 
planarity,17 this nickel chlorin is, with a relatively long average Ni–N bond distance of 1.934 Å 
significantly more planar than the nickel chlorin analogues discussed above and b,b’-dihydroxy-
dimethylmetallochlorin 5Ni (average Ni–N bond distance of 1.908 Å)7d lacking the fusions to the 
phenyl groups. As a result of the fusions to the phenyl groups, chlorin 11Ni is similarly planar like 
the metalloporphyrin [meso-tetraphenylporphyrinato]nickel(II) (1.931 Å)18. 
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Figure 3 - 4. UV-vis spectra (CH2Cl2) of the compounds indicated. 
Despite its more planar structure, the UV–vis spectrum of bis-fused b,b’-dimethyl-
metallochlorin 11Ni is much red-shifted compared to that of the non-fused metallochlorin 5Ni 
(Figure 3 - 4 A). We attribute this to the electronic effects of the co-planar phenyl groups and 
possibly its inherent strain. The UV–vis spectrum of indene-annulated porphyrin nickel complex 
12Ni is a broadened nickel chlorin-like spectrum. In comparison, the UV–vis spectrum of 
indaphyrin nickel complex 13Ni, an analogue of 12Ni in which the methyl moieties are replaced 
by carbonyl groups, is much distorted and falls into its own category (Figure 3 - 4 B).19,20 This 
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highlights the enormous influence the conjugated ketone functionalities have on the chromophore. 
While we previously suspected this influence of the keto groups,19,20 this is the first direct 
evidence. Unlike the chemically very fragile nickel indaphyrin 13Ni,19 its indene analogue 12Ni 
appears to be more stable. However, due to its low yield and the great difficulty to separate it from 
11Ni because of their similar Rf values, only small amounts of this material became available. 
3.2.5 Reaction of Secochlorin 6Ni with Woollins’ Reagent 
We previously showed that an aldol condensation of bisketone 6Ni resulted in the formation 
of oxypyriporphyrin 7Ni (Scheme 3 - 1).7d Thus, the reactivity of the carbonyl groups of 
secochlorinato nickel complex 6Ni suggests that it possesses potential for the synthesis of other 
novel porphyrinoids containing non-pyrrolic heterocycles. 
 
Scheme 4-3. Reaction of secochlorin 8Ni with Woollins’ reagent. 
Woollins’ reagent is the selenium analogue to Lawesson’s reagent. It has been used to 
selenate carboxylic acids, alkenes, alkynes, and nitriles.21 We reacted Woollins’ reagent with 
brown-colored secochlorin bisketone 6Ni in the hopes to generate a selenomorpholinochlorin 
analogue to thiomorpholinochlorin 8Ni (Scheme 3 - 3). The reaction rapidly formed a dark green 
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and non-polar compound 14Ni that could be isolated in good yield. HR MS (ESI+ 100% CH3CN) 
indicated it possessed a molecular formula of C46H30N4NiO (for [M+]), i.e. no selenium was 
incorporated into the product. Compared to the composition of the starting material, the product 
lost the elements of one molecule of H2O. The absence of a carbonyl group was confirmed by its 
IR and 13C NMR spectra. The 1H NMR spectrum of product 14Ni indicated the two-fold symmetry 
of the product and the hallmarks for the presence of an ortho-linked phenyl group (Figure 3 - 2). 
Thus, we derive the bis-fused morpholinochlorin structure 14Ni shown.  
The mechanism of formation of 14Ni is not known, but several nucleophile-induced 
secochlorin bicarbonyl-to-morpholinochlorin reactions involving a number of nucleophiles are 
reported,4 as are intramolecular Friedel-Crafts-type mono- and bis-benzylations of the 
ortho-positions of the meso-phenyl groups in morpholinochlorins.4,9 This methodology to access 
the bis-linked morpholinochlorin nickel complex 14Ni is much superior over the acid-induced 
cyclization of 2Ni described previously.4 With 14Ni in hand, we now also found small amounts of 
this product in the Lawesson’s reagent-induced formation of 10Ni, suggesting that the reaction is 
not specific to the selenium-based reagent. 
 
Figure 3 - 5. UV–vis spectra (CH2Cl2) of the compounds indicated. 
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Structurally, we predict 14Ni to be similar to its sulfur analogue 10Ni. Correspondingly, the 1H 
NMR spectra of 10Ni and 14Ni resemble each other but the metallochlorin like UV–vis spectrum 
of the oxygen analogue 14Ni is (24 nm for lmax) blue-shifted (Figure 3 - 5). The red-shifts of the 
spectrum of 14Ni relative to the spectrum of 2Ni illustrate the electronic effects of the ring fusions. 
3.3 Conclusions 
In conclusion, our investigations detailed the conversions of thiamorpholinochlorins along 
chemical pathways hitherto unchartered for pyrrole-modified porphyrins, leading to the formation 
of novel porphyrinoids with broadly varying frameworks and optical properties. The ruffled 
conformations of many of the derivatives prepared were largely controlled by the presence of the 
small nickel(II) ion in the center of the macrocycles. Also considering the possible subsequent 
interconversion reactions of pyrrole-modified porphyrins that are possible, this work further 
highlights the plasticity of the “breaking and mending of porphyrins” approach toward the 
synthesis of chlorin analogues containing non-pyrrolic building blocks. The unconventional paths 
toward the generation of bis-phenyl-fused morpholinochlorins reported here are superior over 
alternate ring-closure methods previously applied.  
3.4 Experimental Section 
3.4.1 Materials and Instruments 
All solvents and reagents were used as received. [Secochlorinato]nickel 6Ni and 
[thiomorpholinochlorinato]nickel 8Ni were prepared as described in the literature.7d Raney-nickel 
was purchased as a 50% slurry in water at basic pH. 
Warning: Raney-nickel is potentially pyrophoric, should be kept wet, and needs to be 
disposed of properly. 
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3.4.2 Synthesis and Characterization 
 [meso-Tetraphenyl-2,3-dimethylporphyrinato]nickel(II) (9Ni). To a solution of 
[meso-tetraphenyl-2,3-dimethylene-2a-thio-2a-homo-porphyrinato]nickel(II) 8Ni (25 mg, 
3.43 × 10-5 mol) in THF (10 mL) was added Raney-Ni (ca. 2.0 mL of a 50% slurry of Raney-Ni in 
H2O) and the reaction mixture was stirred for 12 h at r.t. under an H2 atmosphere (provided by 
balloon). After the starting material was consumed (reaction monitored by TLC), the catalyst was 
filtered off by gravity filtration. The organic phase was dried over anhydrous Na2SO4, filtered and 
evaporated to dryness by rotary evaporation. The crude product was purified by preparative TLC 
plates (20 × 20 cm, 500 µm silica – 1:3 CH2Cl2/hexanes) to provide a red colored product 9Ni in 
low yield ~5% (1-2 mg); MW = 699.48 g/mol; Rf = 0.34 (silica-1:3 CH2Cl2/hexanes); 1H NMR 
(400 MHz, CDCl3, 300 K): d 8.67 (s, 2H), 8.62 (s, 4H), 7.99-7.97 (m, 4H), 7.87 7.85 (m, 4H), 
7.66-7.60 (m, 12H), 2.23 (s, 6H) ppm; UV–vis (CH2Cl2) lmax  (log e) 442 (1.00), 587 (sh), 609 
(4.31), 644 (4.40) nm; HRMS (ESI+, 100% CH3CN, TOF): m/z calculated for C46H32N4Ni [M]+ 
698.1980, found 698.1978. 
 
Figure 3 - 6. UV–vis spectrum (CH2Cl2) of 9Ni. 
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Figure 3 - 7. 1H NMR spectrum (400 MHz, CDCl3, 300 K) of 9Ni. 
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Figure 3 - 8. HR ESI+ MS (100% CH3CN, TOF) of 9Ni. 
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Figure 3 - 9. IR spectrum (neat, diamond ATR) of 9Ni. 
 [meso-Tetraphenyl-2,3-dimethyl-2a-thio-2a-homoporphyrinato]nickel(II) (10 Ni). To a 
solution of [meso-tetraphenyl-2,3-dimethylene-2a-thio-2a-homo-porphyrinato]nickel(II) 8Ni 
(20 mg, 2.74 × 10-5 mol) in CH2Cl2 (5 mL) was added TFA (2.5 mL of a 10% solution in CH2Cl2) 
and the reaction mixture was stirred at ambient conditions. The progress of the reaction was 
monitored by TLC. Once the starting material was exhausted (4 h), the excess acid was quenched 
by adding Et3N (2 mL) and the organic layer was washed with water (3 × 10 mL). The organic 
layer was isolated, dried over anhydrous Na2SO4, filtered and evaporated to dryness by rotary 
evaporation. The crude product was purified by preparative TLC (20 × 20 cm, 500 µm 
silica – 1:1 CH2Cl2/hexanes) providing 10Ni as a green powder in a yield of 60% (12 mg); 
MW = 729.53 g/mol; Rf = 0.75 (silica – 1:1 CH2Cl2/hexanes); 1H NMR (400 MHz, CDCl3, 320 K): 
d 8.85 (d, J = 4.9 Hz, 2H), 8.46 (d, J = 4.8 Hz, 2H), 8.19 (d, J = 7.5 Hz, 2H), 7.95 (s, 2H), 
7.86 (br s, 4H), 7.63-7.60 (m, 6H), 7.50 (t, J = 7.1 Hz, 4H), 7.33 (t, J = 7.2 Hz, 2H), 1.30 (s, 6H) 
ppm; 13C NMR (100 MHz, CDCl3, 300 K): d 154.2, 145.8, 143.0, 142.9, 139.5, 139.48, 138.6, 
135.4, 132.8, 129.5, 128.7, 128.0, 127.2, 126.6, 126.3, 124.9, 122.9, 110.5, 29.9 ppm; UV–vis 
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(CH2Cl2) lmax  (log e) 456 (5.10), 596 (sh), 661 (4.49) nm; HRMS (ESI+, 100% CH3CN, TOF): 
m/z calculated for C46H30N4NiS [M]+ 728.1545, found 728.1550. 
 
 
Figure 3 - 10. 1H NMR spectrum (400 MHz, CDCl3, 320 K) of 10Ni. 
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Figure 3 - 11. 13C NMR spectrum (100 MHz, CDCl3, 300 K) of 10Ni; * = solvent peak. 
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Figure 3 - 12. H, H COSY NMR spectrum (500 MHz, CDCl3, 300 K) of 10Ni. 
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Figure 3 - 13. NOESY spectrum (500 MHz, CDCl3, 300 K) of 10Ni. 
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Figure 3 - 14. HR ESI+ MS (100% CH3CN, TOF) of 10Ni. 
 
+
TO
F 
M
S:
 4
.
20
4 
to
 
4.
62
1 
m
in
 
fro
m
 
Sa
m
pl
e 
1 
(T
u
n
eS
am
pl
eI
D
) o
f 0
50
21
6-
M
S-
A-
16
6.
w
iff
a=
3.
60
08
06
67
35
81
71
15
0e
-0
04
, t
0=
6.
31
80
53
43
65
75
42
83
0e
+
00
1 
(T
u
rb
o
 S
pr
ay
)
M
ax
.
 
30
.
9 
co
u
n
ts
.
63
0
64
0
65
0
66
0
67
0
68
0
69
0
70
0
71
0
72
0
73
0
74
0
75
0
76
0
77
0
78
0
79
0
80
0
81
0
82
0
83
0
84
0
85
0
m
/z
,
 
Da
024681012141618202224262830
Intensity, counts
72
8.
15
50
72
9.
15
62
74
4.
14
80
74
5.
15
23
71
3.
13
20
74
6.
14
79
73
1.
15
41
71
5.
13
32
74
7.
15
37
73
2.
15
23
76
1.
15
21
M
S-
A-
16
6,
 
[M
]+,
 
ca
lc
.
 
72
8.
15
45
N N
NN
Ph
PhNi
S
Ch
em
ica
l F
or
m
ula
: C
46
H 3
0N
4N
iS
Ex
ac
t M
as
s: 
72
8.
15
45
3. Fusion and Desulfurization Reactions of Thiomorpholinochlorins 
 
 105 
 
Figure 3 - 15. UV–vis spectrum (CH2Cl2) of 10Ni. 
 
Figure 3 - 16. IR spectrum (neat, diamond ATR) of 10Ni. 
Bisphenyl-linked [meso-tetraphenyl-2,3-dimethylchlorinato]nickel(II) (11Ni) and [meso-
tetraphenyl-2,3-dimethylindenophyrinato]nickel(II) (12Ni). To a solution of [meso-tetraphenyl-
2,3-dimethyl-2a-thio-2a-homo-porphyrinato]nickel(II) 10Ni (25 mg, 3.43 × 10-5 mol) in THF 
(10 mL) was added Raney-nickel (~1.0 mL of a 50% slurry of Raney-nickel in H2O) and the 
reaction mixture was stirred for 1 h at r.t. under an H2 atmosphere (provided by balloon). After the 
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starting material was consumed (reaction monitored by TLC), the catalyst was filtered off by 
gravity filtration. The organic phase was dried over anhydrous Na2SO4, filtered and evaporated to 
dryness by rotary evaporation. The crude products were purified by preparative HPTLC plates 
(10 × 10 cm, with 2.5 × 10 cm concentration zone, silica – 1:9 CH2Cl2/petroleum ether 30-60) to 
yield 11Ni in 50-60% yield (12-14 mg) and 12Ni in 8-10% yield (2 mg). 11Ni: MW = 697.47 g/mol; 
Rf = 0.40 (silica –1:9 CH2Cl2/petroleum ether 30-60); 1H NMR (400 MHz, CDCl3, 300 K): d 9.01 
(d, J = 4.9 Hz, 2H), 8.69 (d, J = 7.7 Hz, 2H), 8.60 (d, J = 4.8 Hz, 2H), 8.22 (d, J = 7.1 Hz, 2H), 
8.17 (s, 2H), 8.08 (d, J = 7.0 Hz, 2H), 7.76 (dd, J = 7.6, 6.5 Hz, 2H), 7.69-7.66 (m, 4H), 
7.62-7.58 (m, 4H), 0.90 (s, 6H) ppm; 13C NMR (100 MHz, CDCl3, 300 K): d 170.2, 146.8, 145.0, 
144.4, 142.4, 140.9, 139.5, 134.0, 133.2, 133.0, 129.3, 128.6, 127.7, 126.9, 125.7, 125.4, 124.6, 
123.4, 122.6, 109.0, 66.5, 22.2 ppm; UV–vis (CH2Cl2) lmax  (log e) 442 (5.15), 587 (sh), 609 (4.31), 
644 (4.40) nm; HRMS (ESI+, 100% CH3CN, TOF): m/z calculated for C46H30N4Ni ([M+]) 696.1824, 
found 696.1816. 12Ni: MW = 699.48 g/mol; Rf = 0.36 (silica-1:9 CH2Cl2/petroleum ether 30-60); 
1H NMR (400 MHz, CD2Cl2, 300 K): d 8.81 (d, J = 4.8 Hz, 2H), 8.41 (d, J = 4.8 Hz, 2H), 
7.99 (d, J = 7.7 Hz, 2H), 7.91 (s, 2H), 7.84 (br s, 2H), 7.63-7.60 (m, 6H), 7.48 (d, J = 7.4 Hz, 2H), 
7.43 (t, J = 7.6 Hz, 2H), 7.25 (t, J = 7.4 Hz, 2H), 5.43 (q, J = 7.4 Hz, 2H), 0.96 (d, J = 7.5 Hz, 6H) 
ppm; UV–vis (CH2Cl2) lmax  (log e) 454 (4.61), 615 (sh), 672 (4.11) nm; HRMS (ESI+, 100% 
CH3CN, TOF): m/z calculated for C46H32N4Ni [M]+ 698.1980, found 698.1993. 
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Figure 3 - 17. 1H NMR spectrum (400 MHz, CDCl3, 300 K) of 11Ni. 
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Figure 3 - 18. 13C NMR spectrum (100 MHz, CDCl3, 300 K) of 11Ni. 
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Figure 3 - 19. HR ESI+ MS (100% CH3CN, TOF) of 11Ni. 
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Figure 3 - 20. UV–vis spectrum (CH2Cl2) of 11Ni. 
 
Figure 3 - 21. IR spectrum (neat, diamond ATR) of 11Ni. 
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Figure 3 - 22. 1H NMR spectrum (400 MHz, CDCl3, 300 K) of 12Ni. 
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Figure 3 - 23. HR ESI+ MS (100% CH3CN, TOF) of 12Ni. 
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Figure 3 - 24. UV–vis spectrum (CH2Cl2) of 12Ni. 
[meso-Tetraphenyl-2,3-dimethylene-2a-oxo-2a-homoporphyrinato]nickel(II) (14Ni). To a 
solution of [meso-tetraphenyl-1,4-diacetyl-chlorophinato]nickel(II) 6Ni (25 mg, 3.42 × 10-5 mol) in 
toluene (10 mL) was added Woollins’ reagent (72 mg, 1.36 × 10-4 mol). The reaction mixture was 
stirred for 20 min at ambient temperature and then gradually heated to reflux. The color of the 
solution turned from dark brown to green over the course of the reaction. After the starting material 
was consumed (reaction control by TLC, silica gel - CH2Cl2), the reaction was cooled and filtered 
through a short plug of silica gel. The solvent was removed by rotary evaporation and the crude 
product was purified by preparative TLC (20 × 20 cm, 500 µm silica - CH2Cl2). 14Ni was isolated 
as a bright green powder in 65% yield (16 mg). 14Ni: MW = 713.47 g/mol; Rf = 0.63 
(silica -1:1 CH2Cl2/hexanes); 1H NMR (400 MHz, CDCl3, 320 K): d 8.97 (d, J = 4.9 Hz, 2H), 8.54 
(d, J = 4.9 Hz, 2H), 8.30 (d, J = 7.6 Hz, 2H), 8.09 (s, 2H), 7.90 (br s, 2H), 7.79 (dd, J = 7.35, 
0.40 Hz, 2H), 7.64 (m, 6H), 7.56 (td, J = 7.6, 1.1 Hz, 2H), 7.41 (td, J = 7.4, 0.8 Hz, 2H), 1.19 
(s, 6H) ppm; 13C NMR (400 MHz, CDCl3, 300 K): d 152.3, 145.6, 143.1, 142.2, 140.24, 140.1, 
139.3, 135.1, 133.1, 130.1, 129.6, 128.1, 127.2, 127.1, 125.4, 125.0, 123.6, 122.8, 109.6, 82.3, 
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25.9 ppm; UV–vis (CH2Cl2) lmax  (log e) 451 (5.23), 588 (sh), 641 (4.47) nm; HRMS (ESI+, 100% 
CH3CN, TOF): m/z calculated for C46H30N4NiO [M]+ 712.1773, found 712.1780. 
 
 
Figure 3 - 25. 1H NMR spectrum (400 MHz, CDCl3, 300 K) of 14Ni. 
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Figure 3 - 26. 13C NMR spectrum (100 MHz, CDCl3, 300 K) of 14Ni. 
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Figure 3 - 27. H,H COSY spectrum (500 MHz, CDCl3, 300 K) of 14Ni. 
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Figure 3 - 28. NOESY spectrum (500 MHz, CDCl3, 300 K) of 14Ni. 
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Figure 3 - 29. HR ESI+ MS (100% CH3CN, TOF) of 14Ni. 
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Figure 3 - 30. UV–vis spectrum (CH2Cl2) of 14Ni. 
 
Figure 3 - 31. IR spectrum (neat, diamond ATR) of 14Ni. 
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4 Conformational Landscapes of Metal(II) Porphyrinato, Chlorinato, and 
Morpholinochlorinato Complexes 
4.1 Introduction 
Multiple examples of meso-arylporphyrinoids derived by formal replacement of a pyrrole of a 
porphyrin by a non-pyrrolic moiety were reported.1,2 One example containing a five-membered 
carbacycle in place of a pyrrole is azuliporphyrin 1, exclusively prepared by total synthesis.3 A 
formal replacement of a b,b’-bond by a lactone moiety results in the formation of the 
porpholactones 2, generated by carefully calibrated oxidations of porphyrins or chlorins.4 
Oxypyriporphyrin 3 containing a six-membered non-pyrrolic heterocycle can be accessed using 
either total synthesis or porphyrin modification methodologies.5 The oldest examples containing 
a six-membered heterocycle is lactone 4, discovered as fortuitous product along a non-
generalizable reaction pathway.6 
  
We contributed by introduction of a facile ring-expansion reaction of 2,3-dihydroxychlorins to 
generate morpholinochlorins, such as free base 5H2 or nickel complex 5Ni.7 Free base 
morpholinochlorin was shown to possess a modestly ruffled conformation.7c,d The mode of 
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deformation and its extent is dependent on the number and types of morpholine substituents or 
the presence of an intramolecular linkage at the o-position of a meso-phenyl group (as in 6H2).7d 
Mono- and bis-morpholinobacteriochlorins 7 showed much more pronounced ruffled 
conformations,8 and the origin of their conformation-dependent optical properties was studied.9 
  
We detail here our investigation into the conformations and optical spectra of a series of M(II) 
complexes of diethoxymorpholinochlorins (M = 2H, Ni2+, Cu2+, Zn2+, Pd2+, Ag2+), as determined by 
their single crystal X-ray structures. We compare their conformations to those of the 
corresponding 2,3-dimethoxychlorin and porphyrin complexes. We thus delineate the 
conformational landscape of the metallochlorins and metallomorpholinochlorins. Specifically, the 
comparison describes the extent that reduction of a single b,b’- double bond and the insertion of 
an O atom into this double bond changes the conformational flexibility of the ligand. Lastly, a 
comparison of the UV–vis spectra of this series of compounds defines the extent of the electronic 
modulation that these chemical and conformational changes induce. 
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4.2 Results and Discussion 
4.2.1 Synthesis of the Metallochlorins and Metallo-morpholinochlorins Investigated 
The syntheses of free-base dimethoxychlorin 10H2 and diethoxymorpholinochlorins 11H2 
followed established routes (Scheme 4 - 1).7a,7d,10 An OsO4-mediated dihydroxylation of free-base 
meso-tetraarylporphyrins 8H2 converted them to the corresponding 2,3-vic-dihydroxychlorins 
9H2.7a,10 These diols can either be methylated using a classic Williamson ether synthesis, forming 
the 2,3-vic-dimethoxychlorins 10H2,10 or ring-expanded to morpholinochlorin 11H2 carrying two 
ethoxy substituents in an anti-configuration.7a,7d The latter reaction involves the oxidative cleavage 
of the diol functionality to the corresponding secochlorin bisaldehyde, and an in situ 
ethanol-induced double acetal formation with concomitant intramolecular ring closure. The 
mechanism and origin of the stereoselectivity for the reaction are known.7d 
The metal complexes were formed from the free-base chromophores using standard metal 
insertion reaction conditions: metal(II) salt, solvent, heat and in some cases base, except the 
silver(II) complexes were formed in a disproportionation reaction using silver(I) acetate as the 
metal source.11 Some insertions could also be accomplished under microwave-assisted 
conditions.12 All compounds showed the expected spectroscopic and analytical properties. 
The different meso-aryl groups used [phenyl, 4-methylphenyl, and 4-(trifluoromethyl)phenyl] 
had, as expected,13 only a negligible effect on the electronic properties of the chromophores 
(Figure 4 – 1 and 4 – 2 shows a direct comparison of the UV–vis spectra of pairs of matching 
chromophores carrying different meso-aryl substituents). Importantly, however, the solubility and 
crystallinity of the differently meso-aryl-substituted derivatives varied greatly. 
4. Conformational Landscapes of Metal(II) Complexes 
 125 
 
Scheme 4 - 1.Synthetic pathways of the metalloporphyrinoids investigated, including the CCDC 
code for the known metalloporphyrins structures used for comparison. An asterix (*) indicates 
the compounds for which the structures are described here. 
Generally, the phenyl-substituted derivatives (XPh) generated well-soluble compounds but of 
relatively low propensity to form crystalline materials. The p-tolyl-derived compounds (XCH3) were 
the least soluble of the three derivatives used and readily formed microcrystalline materials, but 
rarely formed crystals large enough for analysis by single crystal diffractometry. Empirically, we 
found the p-(trifluoromethyl)phenyl-substituted derivatives (XCF3) to possess slightly better 
solubility than their tolyl- congeners, but often formed well-developed single crystals suitable for 
X-ray diffraction studies. This effect of the meso-aryl substituents is not unique to these 
chromophores.14 Similarly, the unprotected chlorin diols 9M did not crystallize well, whereas the 
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dimethoxy derivatives 10M did.10 Nonetheless, we were not able to generate crystals of 10 CF3Ag 
suitable for single crystal X-ray diffraction analysis. 
 
Figure 4 - 1. Normalized UV–vis spectra of the nickel(II) chlorins indicated. 
 
Figure 4 - 2. Normalized UV–vis spectra of the silver(II) chlorins indicated. 
4.3 Crystal Structures of the Metallochlorins 
The crystal structure of free base chlorin 10PhH2 was reported previously.10 It deviates slightly 
from planarity as shown by the root-mean-square (rms : # $%& (𝑥$% +	𝑥%% +	…+ 	𝑥%&% ) ) out-of-plane 
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distortion of the C20N4 macrocycle from planarity (rms = 0.146 Å, with N–N distances of 4.194 
(Npyrrole–Npyrrole) and 4.140 (Npyrroline–Npyrrole) Å), with the ruffled macrocycle distortions primarily 
originating from the nonplanar dimethoxypyrroline moiety (Figures 4 - 3 and 4 - 4).15,16 This 
pyrroline distortion allows a more staggered conformation of the vic-cis-dimethoxy substituents.  
 
Figure 4 - 3. Stick presentations of the molecular structures of the dimethoxychlorins indicated, 
top and front views.15 The N–M bond distances listed are the average of all four macrocycle 
bond distances.  
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All metallodimethoxychlorin structures are nonplanar, but to varying degrees in terms of 
distortion mode (Figure 4 - 4) and extent of the distortion, as expressed as the rms value of the 
deviation of the macrocycle heavy atoms from planarity (Figure 4 - 3). The pyrroline distortions 
that allow a staggered conformation of the two methoxy groups are maintained. Varying degrees 
of rotations around the Cpyrroline–OMe bonds allowed for different relative orientations of the two 
methoxy substituents; they may point into the same (e.g. for 10CF3Pd) or opposite (e.g., for 
10PhCu) general directions. 
 
Figure 4 - 4. Normal mode Structural Decomposition (NSD) analysis of the chromophore 
conformations in the (metallo)porphyrins and (metallo)chlorins indicated.16 
The metal type has a large influence on the conformation of these chlorins. As frequently 
observed,17 the small diamagnetic d8 nickel(II) ion (63 pm)18 induces in 10CF3Ni the most severe 
ruffling in the tetrapyrrolic ligand. The ruffling distortion mode reduces the central cavity size, 
reducing the N–N distances to 3.849(5) (Npyrrole–Npyrrole) and 3.844(5) (Npyrroline–Npyrrole) Å, while 
maintaining a near-perfect square planar coodination environment.19 Compared to the 
conformation of porphyrin complex 8PhNi, both the saddling and ruffling distortion modes are 
about twice as strongly expressed in metallochlorin 10CF3Ni. The biggest ion, the palladium(II) ion 
(78 pm)18 in 10CF3Pd causes among the square planar complexes the least degree of distortion of 
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the ligand and largely restores the metrics of the free base ligand as the N–N distances widen to 
4.042(5) and 4.033(4) Å (Npyrroline–Npyrrole and Npyrrole–Npyrrole are equivalent due to a 1:1 disorder of 
the pyrroline and pyrrole moieties). The distortion mode of this metallochlorin are mostly saddled, 
with some ruffling contributions, whereas the corresponding porphyrin complex 8PhPd is idealized 
planar. The intermediate sized copper(II) (71 pm)18 complex 10PhCu assumes a modestly saddled 
conformation with some ruffling (with an Npyrrole–Npyrrole of 3.973(3) Å and an Npyrroline–Npyrrole 
distances of 4.033(3) Å). This conformation for 10PhCu is an inversion of the conformation 
observed 8PhCu (mostly ruffled and little saddled). The zinc(II) (74 pm)18 ion in 10CF3Zn is also 
axially coordinated by pyridine, resulting in a square-pyramidal coordination geometry and 
causing some out-of-macrocycle plane coordination of the metal and some saddling and minor 
ruffling contributions to the ligand conformation. The zinc atom is drawn by the axial pyridine 
ligand out of the macrocycle plane, with the zinc atom prodruding from the mean plane of the 
macrocycle N atoms by 0.322(1) Å. This leads to relatively long N–N bond lengths (an Npyrrole–
Npyrrole distances of 4.039(3) Å and an Npyrroline–Npyrrole distances of 4.163(4) Å). In comparison, the 
conformation of 8PhZn is much more planar.  
The dimethoxychlorin complex conformations observed here are all generally in line with 
expectations.17 Their relevance lies in providing reference structures for the metallo-
morpholinochlorins that are derived from the metallochlorins by the formal insertion of an oxygen 
atom between the pyrroline b-carbon atoms, and a change of the relative sterochemistry of the 
two alkoxy-substituents from cis to trans, with no other change to the porphyrinic p system. 
4.4 Crystal Structures of the Metallomorpholinochlorins 
The formal replacement of a pyrroline in free base 10PhH2 by a morpholine moiety in free base 
11CH3H2 slightly increases the overall nonplanarity of the macrocycle (Figure 4 - 5). The intra-ring 
N–N distances are long (an Npyrrole–Npyrrole distances of 4.136 Å and an Nmorpholine–Npyrrole distances 
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of 4.240 Å), i.e., the inner cavity was slightly elongated compared to the corresponding dimethoxy-
chlorin 10PhH2. The cavity of the chlorin is itself slightly larger than the corresponding distances in 
porphyrin 8PhH2 [4.194 Å (Npyrrole–Npyrrole) and 4.042 Å (Npyrrole–Npyrrole)]. The conformation of the 
non-pyrrolic and partially sp3-hybridized building block in 11CH3H2 is decidedly nonplanar.7c- 7d  
As observed and rationalized before,7a- 7d- 20 the corresponding nickel(II) complex 11PhNi is 
ruffled to an extraordinarily large degree, resulting in very short Ni–N bond distances (or, in other 
words, a small inner cavity, with an Npyrrole–Npyrrole distances of 3.787(2) Å and an Nmorpholine–Npyrrole 
distance of 3.793(2) Å). This is remarkable because generally the M–N bond distances in the 
metallomorpholinochlorins are larger than in the corresponding metallochlorins. Unfortunately, a 
normal-mode structural decomposition (NSD) analysis of the conformations of the 
morpholinochlorins using the same algorithm developed for a D4h porphyrin macrocycle reference 
structure is not possible.16- 21  
The general metal-dependent trends seen in the [dimethoxychlorinato]metal structures before 
are preserved metallo-morpholinochlorins, but the extent of the distortions is magnified. The most 
planar structure with the longest intra-ring N–N distances is 11CF3Ag corrdinating the largest metal 
ion silver(II) (93 pm)18 [an Npyrrole–Npyrrole distances of 4.148(6) Å and an Nmorpholine–Npyrrole distance 
of 4.272(7) Å]. Thus, coordination to silver(II) elongates the macrocycle cavity beyond the 
dimensions found in the free base. The next largest ion, palladium(II), in 11CF3Pd delivers an 
Npyrrole/morpholine–Npyrrole distances of 4.0420(45) and 4.0333(42) Å, which, however, cannot be 
assigned to one bond type or the other because of a disorder of a pyrrole/morpholine moiety with 
shared nitrogen atoms. The copper(II) and zinc(II) complexes in 11CF3Cu and 11CF3Zn again 
exhibit intermediate deformations that look mostly ruffled, but with the zinc(II) ion much less pulled 
out-of-plane by the axial pyridine than in the correspondng chlorin complex 10CF3Zn. While zinc(II) 
complexes of porphyrins are generally readily prepared and stable,11 11CF3Zn was curiously 
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difficult to prepare and purify, suggesting a much larger lability of the axial ligand or the metal 
itself than in the corresponding complexes 8PhZn and 10CF3Zn. 
  
Figure 4 - 5. Stick presentations of the molecular structures of the morpholinochlorins indicated, 
top and front views.15 We chose arbitrarily only the M-isomer of the two helimeric enantiomers 
present in the unit cells. likewise, the axial pyridine ligand present in 11CF3Zn  was removed from 
the sideview. The rms values listed are values of the deviation from planarity of the C20N4 
macrocycle from planarity i.e. omitting the morpholinochlorin oxygen from that determination. 
The N–M bond distances listed are the average of all four macrocycle bond distances. 
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4.5 Comparison of the Conformational Trends Seen in the Metalloporphyrins, 
Metallochlorins, and Metallomorpholinochlorins 
Out-of-plane displacement plots of the porphyrin, chlorin, and morpholinochlorin structures allow 
a direct and semi-quantitative comparison of their conformations (Figure 4 - 6).  
  
Figure 4 - 6. Out-of-plane displacement plots of the porphyrin (black), chlorin (green), and 
morpholinochlorin (purple) macrocycle of the experimentally determined conformations of the 
compounds indicated. The displacement is calculated based on a deviation from the least 
square plane calculated by the positions of the C20N4 macrocycles common to all compounds.  
4. Conformational Landscapes of Metal(II) Complexes 
 133 
For any given metal ion, the degree of nonplanarity increases in the order porphyrin < chlorin 
< morpholinochlorin, reflecting the increasing conformational flexibility of the macrocycles and the 
innate nonplanarity of their free-base compounds. In the free-base series, the predominant 
deformation modes change subtly from the porphyrin to the hydroporphyrin series, from 
predominantly ruffling modes with some waving contribution to a mixture of conformational modes 
with no predominant deformation modes in the chlorin (cf. Figure 4 - 4) or the morpholinochlorin. 
All metal complexes are more nonplanar than their corresponding free-bases. However, the 
individual conformational responses to a given metal ion vary. 
The copper(II) complexes shift from predominantly ruffling to predominantly saddling, with the 
two hydroporphyrins showing very similar trends. The largely planar zinc porphyrin distorts into 
largely saddling modes in the [hydroporphyinato]zinc complexes, while the slight waving 
distortions in the silver porphyrin give way to modest ruffled distortions in the morpholino silver 
complex. All nickel(II) and palladium(II) complexes, on the other hand, remain similarly strongly 
ruffled, as also indicated by their similar Pd/Ni–N bond distances. 
4.6 Comparison of the UV–vis Spectra of the Metalloporphyrins, Metallochlorins, and 
Metallomorpholinochlorins. 
The UV–vis spectra of the free base compounds, chlorin, and morpholinochlorin reflect their 
porphyrin-like (8PhH2) and chlorin-like (10PhH2 and 11CH3H2) chromophores (Figure 4 - 7), whereby 
the morpholinochlorin spectrum is characterized by a general broadening and a ~30 nm red-
shifted lmax band, previously attributed to the conformational flexibility and nonplanarity of the 
chromophore, respectively.7c Importantly, the chlorin and morpholinochlorin chromophores 
possess identical 18 + 2 chlorin-type p-systems. Thus, the differences seen in the UV–vis spectra 
of the (metallo)chlorins and (metallo)morpholinochlorins can be traced almost exclusively to their 
differing conformations (a small contribution of the ring oxygen atom cannot be neglected).9 We 
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recently demonstrated for the related morpholinobacteriochlorins that two factors are responsible 
in equal proportion for their Q-band red-shift:9 distortion of the p-system from planarity and, 
unexpectedly, the Cb–Ca–Ca–Cb dihedral angle within the morpholine moiety. We believe these 
relationships to also hold for the morpholinochlorins, and the data presented here provide some 
evidence that this is indeed the case. 
 
Figure 4 - 7. Comparison of the normalized UV–vis spectra of the meso-
tetraphenylmetalloporphyrins, meso-tetrakis(4-trifluoromethylphenyl)chlorins, and meso-
tetrakis(4-trifluoromethylphenyl)morpholinochlorins studied. Black traces: metalloporphyrins; 
green traces: metallochlorins; purple traces: metallomorpholinochlorins. 
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The UV–vis spectra of all metalloporphyrin complexes and all metallochlorin/morpholino-
chlorin complexes are typical for metalloporphyrins and metallochlorins, respectively.22 In the 
copper(II), zinc(II), and palladium(II) complexes, their different optical spectra follow the trends 
seen in their free bases, reflecting their similar–but certainly not identical–conformations. 
However, two metal series, the nickel(II) and silver(II) complexes, do not follow this pattern. In the 
nickel(II) series, the spectra of the nickel(II) chlorin complex 10CF3Ni and the nickel(II) 
morpholinochlorin 11PhNi vary significantly from each other, with the spectrum of the 
metallomorpholinochlorin being much red-shifted, but their macrocycle conformations are nearly 
identical (Figure 4 - 6). Thus, the surprisingly large differences between their optical spectra are 
attributed to the larger Cb–Ca–Ca–Cb dihedral angle within the morpholine moiety (50°) than in the 
pyrroline moiety (15°).9 Inversely, the spectra of the chlorinato- and (morpholino-
chlorinato)silver(II) complexes are very similar, suggesting similar conformations with similar Cb–
Ca–Ca–Cb dihedral angles, a proposition that, in the absence of the (chlorinato)silver(II) crystal 
structure, could not be confirmed experimentally. 
4.7 Conclusions 
In conclusion, our investigation detailed the metal-dependent differences in the conformation 
of a series of metal(II) complexes of a meso-tetraphenylporphyrin, a meso-tetraarylchlorin, and a 
meso-tetraarylmorpholinochlorin. The greater nonplanarities of the metallochlorins when 
compared to the corresponding metalloporphyrins are a clear indication for the greater 
conformational flexibility of the chlorin macrocycle, as observed previously.17,23 Insertion of an 
oxygen atom into the pyrroline moiety of the chlorins to formally generate the morpholinochlorins 
increases their inner cavity size and conformational flexibility. This leads to the formation of 
nonplanar metal complexes with comparably long N–M bonds, except in the case of the nickel(II) 
complexes where the pure ruffling distortion decreases the M–Ni and lengths with increasing 
4. Conformational Landscapes of Metal(II) Complexes 
 136 
deformation. The optical differences between porphyrins and chlorins are largey due to the 
presence of differing p-electron chromophores (18 + 4 conjugated p-electrons in porphyrins 
versus 18 + 2 conjugated p-electrons in chlorins). On the other hand, the differences in the UV–
vis spectra of the chlorins and morpholinochlorins possessing identical p-systems can be traced 
to their differing conformations. In closing, this study further defines the conformational and 
electronic effects governing pyrrole-modified porphyrins. 
4.8 Experimental Section 
4.8.1 Materials and Instruments 
All solvents and reagents were used as received. Metalloporphyrins 8PhM,24 free base 
dihydroxychlorins 8PhH2,7a 8CH3H2,5e,7c 8CF3H2,4e dimethoxychlorin 10PhH2,10 morpholinochlorins 
11PhH2,7c,7d 11CH3H2,7c,7d metallomorpholinochlorin 11PhNi,7a and the silica gel-supported NaIO4 
were prepared as described in the literature. 
1H and 13C NMR spectra were recorded on a Bruker Avance II 400 or a Varian 500 MHz 
instrument in the solvents indicated and were referenced to residual solvent peaks. High and low 
resolution mass spectra were provided by the Mass Spectrometry Facilities at the Department of 
Chemistry, University of Connecticut. UV–vis and fluorescence spectra were recorded on Cary-50 
and Cary Eclipse photospectrometers, Varian Inc, respectively, and IR spectra on a Bruker 
Alpha-P FTIR spectrometer using a diamond ATR unit. 
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4.8.2 Synthesis and Characterization 
[meso-Tetraphenyl-2,3-cis-dimethoxychlorinato]copper(II) (10PhCu). To a solution of 
dimethoxychlorin 10PhH2 (12.0 mg, 1.77 × 10-5 mol) in CHCl3 (10 mL), was added a solution of 
Cu(OAc)2·H2O (11.0 mg, 5.32 × 10-5 mol) in MeOH (2 - 3 mL). The reaction mixture was heated 
to reflux for 15 min. After the starting material was consumed (TLC control), the reaction mixture 
was evaporated to dryness by rotary evaporation. The residue was dissolved in CH2Cl2 (15 mL), 
washed with water (3 × 10 mL), and the organic phase was dried (Na2SO4), filtered, and 
concentrated by rotary evaporation. The residue was purified by column chromatography 
(silica – CH2Cl2/hexanes 1:1, gradient to pure CH2Cl2) to obtain 10PhCu (95% yield 
12.5 mg);  MW = 738.35 g/mol; Rf = 0.57 (silica – CH2Cl2); UV–vis (CH2Cl2) lmax  (log e) 414 (5.33), 
575 (sh), 610 (4.43) nm; HRMS (ESI+, 100% CH3CN, TOF): m/z calculated for C46H35CuN4O2 
[M+H]+ 738.2051, found 738.2079. 
 
Figure 4 - 8. UV–vis spectrum (CH2Cl2) of 10PhCu. 
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Figure 4 - 9. HR ESI+ MS (100% CH3CN, TOF) of 10PhCu. 
NN
N N
Cu
OM
e
OH
M
e
Ch
em
ica
l F
or
m
ula
: C
46
H 3
5C
uN
4O
2+
Ex
ac
t M
as
s: 
73
8.
21
4. Conformational Landscapes of Metal(II) Complexes 
 139 
 [meso-Tetraphenyl-2,3-cis-dimethoxychlorinato]nickel(II) (10PhNi). To a solution of 
meso-tetrakis(4-trifluoromethylphenyl)-2,3-cis-dimethoxychlorin 10PhH2 (15.0 mg, 2.22 × 10-5 mol) 
in C6H5CN (10 mL), added 2-3 equiv. of Ni(OAc)2·4H2O (16 mg, 6.6 × 10-5 mol). The reaction 
mixture was refluxed for 20 min and reaction progress was monitored by TLC. After the starting 
material was consumed, the reaction mixture was evaporated to dryness by rotary evaporation. 
The residue was dissolved in CH2Cl2 (15 mL) and washed with water (3 × 10 mL). The organic 
layer was dried (Na2SO4), filtered, and evaporated to dryness by rotary evaporation. The crude 
product was purified by column chromatography (silica – CH2Cl2/hexanes 1:1, gradient to pure 
CH2Cl2) to obtain 10PhNi (~60% yield, 9-10 mg); MW = 733.50 g/mol; Rf = 0.47 (silica – CH2Cl2); 
1H NMR (400 MHz, CDCl3, 300 K): d 8.32 (d, J = 4.9 Hz, 2H), 8.18 (s, 2H), 8.10 (d, J = 4.9 Hz, 
2H), 7.86 (dd, J = 7.3, 2.0 Hz, 4H), 7.66 (d, J = 6.3 Hz, 4H), 7.63-7.60 (m, 6H), 7.55-7.50 (m, 6H), 
5.52 (s, 2H), 2.93 (s, 6H) ppm; 13C NMR (100 MHz, CDCl3, 300 K): d 145.2, 141.5, 140.0, 139.7, 
138.4, 137.7, 137.3, 136.9, 132.94, 132.90, 132.3, 128.9, 127.8, 127.5, 127.24, 127.16, 127.0, 
123.9, 111.8, 83.9, 58.0 ppm; UV–vis (CH2Cl2) lmax  (log e)  418 (5.08), 577 (sh), 613 (4.28) nm; 
HRMS (ESI+, 100% CH3CN, TOF): m/z calculated for C46H35N4NiO2 [M+H]+ 733.2108, found 
733.2092. 
 
Figure 4 - 10. UV–vis spectrum (CH2Cl2) of 10PhNi. 
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Figure 4 - 11. 1H NMR spectrum (400 MHz, CDCl3, 300 K) of 10PhNi. 
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Figure 4 - 12. 13C NMR spectrum (400 MHz, CDCl3, 300 K) of 10PhNi. 
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Figure 4 - 13. HR ESI+ MS (100% CH3CN, TOF) of 10PhNi. 
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[meso-Tetraphenyl-2,3-cis-dimethoxychlorinato]silver(II) (10PhAg). To a solution of 
meso-tetrakis(4-trifluoromethylphenyl)-2,3-cis-dimethoxychlorin 10PhH2 (20.0 mg, 
2.95 × 10-5 mol) in C6H5CN (5 mL), was added AgOAc (17.0 mg, 1.03 × 10-4 mol). The reaction 
mixture was refluxed for 30 min and monitored by TLC. After the starting material was consumed, 
the reaction mixture was evaporated to dryness by rotary evaporation. The crude product was 
purified by column chromatography (silica – CH2Cl2/Hexanes 1:1, gradient to pure CH2Cl2) to 
provide 10PhAg (44% yield, 10.0 mg); MW = 782.67 g/mol; Rf =0.45 (silica – CH2Cl2); UV–vis 
(CH2Cl2) lmax  (log e) 421 (5.27), 576 (sh), 599 (4.27) nm; HRMS (ESI+, 100% CH3CN, TOF): m/z 
calculated for C46H35AgN4O2 [M+H]+ 782.1805, found 782.1794. 
  
Figure 4 - 14. UV–vis spectrum (CH2Cl2) of 10PhAg. 
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Figure 4 - 15. HR ESI+ MS (100% CH3CN, TOF) of 10PhAg. 
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 [meso-Tetraphenyl-2,3-cis-dimethoxychlorinato]palladium(II) (10PhPd). To a solution of 
meso-tetrakis(4-trifluoromethylphenyl)-2,3-cis-dimethoxychlorin 10PhH2 (20.0 mg, 2.95 × 10-5 mol) 
in C6H5CN (15 mL), was added Pd(OAc)2 (38.0 mg, 1.18 × 10-4 mol). The reaction mixture was 
refluxed for 2-3 h and monitored by TLC. After the starting material was consumed, the reaction 
mixture was evaporated to dryness by rotary evaporation. The residue was dissolved in CH2Cl2 
(15 mL) and washed with water (3 × 10 mL). The organic layer was dried (Na2SO4), filtered, and 
evaporated to dryness by rotary evaporation. The residue was purified by column chromatography 
(silica – CH2Cl2/Hexanes 1:1, gradient to pure CH2Cl2) to provide 10PhPd (~55% yield, 12-13 mg); 
MW = 781.22 g/mol; Rf = 0.48 (silica – CH2Cl2); 1H NMR (400 MHz, CDCl3, 300 K): d 8.43 
(d, J = 4.0 Hz, 2H), 8.427 (s, 2H), 8.18 (d, J = 4.9 Hz, 2H), 8.05-8.01 (m, 6H), 7.75 
(d, J = 6.5 Hz, 2H), 7.70-7.66 (m, 8H), 7.62-7.59 (m, 4H), 5.99 (s, 2H), 2.99 (s, 6H) ppm; 13C NMR 
(100 MHz, CDCl3, 300 K): d 146.9, 145.4, 141.3, 141.2, 139.7, 137.9, 133.9, 133.4, 132.8, 132.2, 
131.6, 131.1, 129.1, 128.2, 127.8, 127.34, 127.3, 127.2, 127.1, 126.84, 126.81, 125.5, 114.8, 
81.3, 57.8 ppm; UV–vis (CH2Cl2) lmax  (log e) 410 (5.25), 495 (3.75), 561 (3.97), 593 (4.66) nm; 
HRMS (ESI+, 100% CH3CN, TOF): m/z calculated for C46H35N4O2Pd [M+H]+ 781.1789, found 
781.1819. 
  
Figure 4 - 16. UV–vis spectrum (CH2Cl2) of 10PhPd. 
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Figure 4 - 17. 1H NMR spectrum (400 MHz, CDCl3, 300 K) of 10PhPd. 
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Figure 4 - 18. 13C NMR spectrum (400 MHz, CDCl3, 300 K) of 10PhPd. 
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Figure 4 - 19. HR ESI+ MS (100% CH3CN, TOF) of 10PhPd. 
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meso-Tetrakis(4-trifluoromethylphenyl)-2,3-cis-dimethoxychlorin (10CF3H2). To a 
solution of meso-tetrakis(4-trifluoromethylphenyl)-2,3-cis-dihydroxychlorin 8CF3H2 (150 mg, 
1.63 × 10-4 mol) in THF (25 mL) was added molar excess of NaH (~75 mg, 60% emulsion in oil) 
in portions and under a dry N2 atmosphere. After stirring the reaction mixture for 30-45 min at 
ambient conditions, CH3I (0.020 mL, 3.26 × 10-4 mol) was added with a glass syringe 
(Caution: gloves and fume hood!) and the mixture was stirred for 2 h at ambient temperature. 
After the starting material was consumed (reaction monitored by TLC), the reaction was quenched 
by slow addition of water and the product was extracted into CH2Cl2 (25 ml). The organic layer 
was washed with water (3 × 10 mL), dried (Na2SO4), filtered, and evaporated to dryness by rotary 
evaporation. The residue was purified by column chromatography (silica – CH2Cl2 1:1, gradient 
to pure CH2Cl2) to provide 10CF3H2, after recrystallization by slow solvent exchange of CH2Cl2 to 
MeOH on the rotary evaporator, as red-brown, crystalline material (50-60% yield, 77-93 mg); 
MW = 948.81 g/mol; Rf = 0.65 (silica – CH2Cl2); 1H NMR (400 MHz, CDCl3, 300 K): d 8.63 (d, 
J = 4.9 Hz, 2H), 8.45 (s, 2H), 8.33 (d, J = 4.7 Hz, 2H), 8.27-8.26 (m, 4H), 8.21 (d, J = 7.5 Hz, 2H), 
8.04-7.93 (m, 10H), 5.97 (s, 2H), 3.01 (s, 6H), -1.96 (s, 2H) ppm; 13C NMR (100 MHz, CDCl3, 
300 K): d 160.2, 152.8, 145.2, 140.2, 135.4, 134.4, 134.2, 134.0, 132.9, 131.6, 130.4, 130.1, 
129.8, 128.1, 125.8, 124.8, 124.3, 124.1, 123.85, 123.82, 123.1, 121.5, 113.0, 81.6, 58.4 ppm; 
UV–vis (CH2Cl2) lmax  (log e) 414 (5.31), 515 (4.19), 543 (4.12), 592 (3.85), 645 (4.46) nm; 
HRMS (ESI+, 100% CH3CN, TOF): m/z calculated for C50H33F12N4O2 [M+H]+ 949.2406, found 
949.2394. 
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Figure 4 - 20. 1H NMR spectrum (400 MHz, CDCl3, 300 K) of 10CF3H2 
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Figure 4 - 21. 13C NMR spectrum (400 MHz, CDCl3, 300 K) of 10CF3H2. 
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Figure 4 - 22. HR ESI+ MS (100% CH3CN, TOF) of 10CF3H2. 
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Figure 4 - 23. UV–vis spectrum (CH2Cl2) of 10CF3H2. 
[meso-Tetrakis(4-trifluoromethylphenyl)-2,3-cis-dimethoxychlorinato]nickel(II) 
(10CF3Ni). To a solution of meso-tetrakis(4-trifluoromethylphenyl)-2,3-cis-dimethoxychlorin 
10CF3H2 (15.0 mg, 1.58 × 10-5 mol) in C6H5CN (10 mL), was added 2-3 equiv of Ni(OAc)2·4H2O 
(12.0 mg, 4.74 × 10-5 mol). The reaction mixture was refluxed for 15-20 min. After the starting 
material was consumed (TLC control), the reaction mixture was evaporated to dryness by rotary 
evaporation. The residue was dissolved in CH2Cl2 (15 mL), washed with water (3 × 10 mL), the 
organic layer was dried (Na2SO4), filtered, and evaporated to dryness by rotary evaporation. The 
crude product was purified by column chromatography (silica – CH2Cl2/Hexanes 1:1, gradient to 
pure CH2Cl2) to provide 10CF3Ni (~60% yield, 9-10 mg); MW = 1005.49 g/mol; Rf = 0.83 
(silica – 1:1 CH2Cl2/hexanes); 1H NMR (400 MHz, CDCl3, 300 K): d 8.29 (d, J = 5.0 Hz, 2H), 8.14 
(s, 2H), 8.09 (d, J = 4.9 Hz, 2H), 7.99-7.97 (m, 4H), 7.91-7.89 (m, 4H), 7.82 (q, J = 7.5 Hz, 8H), 
5.46 (s, 2H), 2.98 (s, 6H) ppm; 13C NMR (100 MHz, CDCl3, 300 K): d 146.1, 145.4, 143.4, 143.2, 
141.1, 138.3, 133.2, 133.0, 132.4, 132.2, 130.5, 130.2, 129.9, 129.6, 129.17, 129.11, 127.7, 
125.7, 124.3, 124.2, 123.0, 122.7, 110.8, 83.6, 58.1 ppm; UV–vis (CH2Cl2) lmax  (log e) 416 (5.10), 
571 (sh), 614 (4.28) nm; HRMS (ESI+, 100% CH3CN, TOF): m/z calculated for C50H31F12N4NiO2 
[M+H]+ 1005.1603, found 1005.1609. 
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Figure 4 - 24. 1H NMR spectrum (400 MHz, CDCl3, 300 K) of 10CF3Ni. 
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Figure 4 - 25. 13C NMR spectrum (400 MHz, CDCl3, 300 K) of 10CF3Ni. 
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Figure 4 - 26. HR ESI+ MS (100% CH3CN, TOF) of 10CF3Ni.  
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Figure 4 - 27. UV–vis spectrum (CH2Cl2) of 10CF3Ni. 
[meso-Tetrakis(4-trifluoromethylphenyl)-2,3-cis-dimethoxychlorinato]zinc(II) (10CF3Zn). 
To a solution of dimethoxychlorin 10CF3H2 (11.0 mg, 1.16 × 10-5 mol) in CHCl3 (7.0 mL) was added 
a solution of Zn(OAc)2·2H2O (20.0 mg, 9.27 × 10-5 mol) in MeOH (1.0 mL). The reaction mixture 
was heated to reflux for 1.5-2 h. After the starting material was consumed (monitored by TLC), 
the reaction mixture was evaporated to dryness by rotary evaporation, the residue was dissolved 
in CH2Cl2 (10 mL), washed with water (3 × 10 mL), the organic layer was dried (Na2SO4), filtered, 
and evaporated to dryness by rotary evaporation. The residue was purified by column 
chromatography (silica – CH2Cl2/hexanes 1:1, gradient to pure CH2Cl2) to provide 10CF3Zn (95% 
yield, 11.0 mg). MW = 1012.1768 g/mol; Rf = 0.38 (silica – 2% MeOH in CH2Cl2); 1H NMR 
(400 MHz, CDCl3, 300 K): d  8.50 (d, J = 4.8 Hz, 2H), 8.38 (s, 2H), 8.20 (d, J = 7.6 Hz, 2H), 
8.20 (br s, 4H), 8.14 (d, J = 4.8 Hz, 2H), 7.98-7.88 (m, 10H), 5.80 (s, 2H), 3.04 (s, 6H) ppm; 
13C NMR (100 MHz, CDCl3, 300 K): d 156.3, 154.3, 148.1, 146.5, 142.33, 142.27, 134.1, 133.59, 
133.54, 132.6, 131.3, 129.5, 128.5, 127.8, 127.5, 127.04, 127.01, 126.9, 126.62, 126.59, 125.1, 
114.2, 81.0, 58.4 ppm; UV–vis (CH2Cl2) lmax  (log e) 415 (5.35), 581 (3.87), 614 (4.46) nm; 
HRMS (ESI+, 100% CH3CN, TOF): m/z calculated for C50H31F12N4O2Zn [M+H]+ 1011.1541, found 
1011.1502. 
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Figure 4 - 28. 1H NMR spectrum (400 MHz, CDCl3, 300 K) of 10CF3Zn. 
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Figure 4 - 29. 13C NMR spectrum (400 MHz, CDCl3, 300 K) of 10CF3Zn. 
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Figure 4 - 30. HR ESI+ MS (100% CH3CN, TOF) of 10CF3Zn. 
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Figure 4 - 31. UV–vis spectrum (CH2Cl2) of 10CF3Zn. 
[meso-Tetrakis(4-trifluoromethylphenyl)-2,3-cis-dimethoxychlorinato]palladium(II) 
(10CF3Pd). To a solution of dimethoxychlorin 10CF3H2 (20.0 mg, 2.10 × 10-5 mol) in C6H5CN 
(10 mL), was added Pd(OAc)2 (19.0 mg, 8.43 × 10-5 mol). The reaction mixture was refluxed for 
2-3 h. After the starting material was consumed (monitored by TLC), the reaction mixture was 
evaporated to dryness by rotary evaporation. The residue was dissolved in CH2Cl2 (15 mL) and 
washed with water (3 × 10 mL). The organic layer was dried (Na2SO4), filtered, and evaporated 
to dryness by rotary evaporation. The crude product was purified by column chromatography 
(silica – CH2Cl2/hexanes 1:1, gradient to pure CH2Cl2) to provide 10CF3Pd (~60% yield, 13-14 mg). 
MW = 1053.22 g/mol; Rf = 0.36 (silica – CH2Cl2/hexanes 1:1); 1H NMR (400 MHz, CDCl3, 300 K): 
d 8.38 (d, J = 6.4 Hz, 2H), 8.37 (s, 2H), 8.17-8.12 (m, 8H), 7.98-7.94 (m, 6H), 7.89 (br s, 4H), 
5.91 (s, 2H), 2.99 (s, 6H) ppm; 13C NMR (100 MHz, CDCl3, 300 K): d 146.9, 145.1, 144.6, 139.3, 
137.7, 134.0, 133.4, 132.2, 131.8, 131.3, 130.6, 130.2, 130.0, 129.7, 129.1, 128.7, 128.5, 127.6, 
125.8, 124.3, 124.0, 123.1, 113.8, 81.1, 57.8 ppm; UV–vis (CH2Cl2) lmax  (log e) 409 (5.26), 
494 (3.83), 560 (3.97), 594 (4.69) nm; HRMS (ESI+, 100% CH3CN, TOF): m/z calculated for 
C50H31F12N4O2Pd [M+H]+ 1053.1285, found 1053.1308. 
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Figure 4 - 32. 1H NMR spectrum (400 MHz, CDCl3, 300 K) of 10CF3Pd. 
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Figure 4 - 33. 13C NMR spectrum (400 MHz, CDCl3, 300 K) of 10CF3Pd. 
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Figure 4 - 34. HR ESI+ MS (100% CH3CN, TOF) of 10CF3Pd.  
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Figure 4 - 35. UV–vis spectrum (CH2Cl2) of 10CF3Pd. 
[meso-Tetrakis(4-trifluoromethylphenyl)-2,3-cis-dimethoxychlorinato]silver(II) 
(10CF3Ag). To a solution of dimethoxychlorin 10CF3H2 (16.0 mg, 1.70 × 10-5 mol) in C6H5CN (5 mL), 
was added AgOAc (10 mg, 5.90 × 10-5 mol). The reaction mixture was refluxed for 30 min. After 
the starting material was consumed (monitored by TLC), the reaction mixture was evaporated to 
dryness by rotary evaporation. The crude product was purified by column chromatography 
(silica – CH2Cl2/hexanes 1:1, gradient to pure CH2Cl2) to provide 10CF3Ag (~62% yield, 11 mg). 
10CF3Ag: MW = 1054.67 g/mol; Rf = 0.32 (silica –1:1 CH2Cl2/hexanes); UV–vis (CH2Cl2) lmax 
(log e) 420 (5.31), 583 (sh), 601 (4.32) nm; HRMS (ESI+, 100% CH3CN, TOF): m/z calculated for 
C50H30AgF12N4O2 [M+] 1053.1223, found 1053.1255. 
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Figure 4 - 36. HR ESI+ MS (100% CH3CN, TOF) of 10CF3Ag. 
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Figure 4 - 37. UV–vis spectrum (CH2Cl2) of 10CF3Ag. 
meso-Tetrakis(4-trifluoromethylphenyl)-2,3-trans-diethoxymorpholine (11CF3H2). To a 
solution of meso-tetrakis(4-trifluoromethylphenyl)-2,3-cis-dihydroxychlorin 9CF3H2 (100 mg, 
1.09 × 10-4 mol) in CHCl3 (20 ml) and EtOH (1-2 mL) were added the silica gel-supported NaIO4 
(~ 1.0 g)25 under a N2-atmosphere, and the mixture was stirred overnight at ambient temperature. 
After the starting material was consumed (monitored by TLC), the mixture was filtered 
(glass frit M) and the filter cake washed with CHCl3. The filtrate was evaporated to dryness by 
rotary evaporation. The crude product was purified by column chromatography 
(silica – CH2Cl2/hexanes 1:1, gradient to pure CH2Cl2) to provide 11CF3H2, after recrystallization 
by slow solvent exchange of CHCl3 to EtOH on a rotary evaporator, as red-brown, crystalline 
material (70-80% yield, 75-85 mg); MW = 992.87 g/mol; Rf = 0.45 (silica–1:1 CH2Cl2/hexanes); 
1H NMR (400 MHz, CDCl3, 300 K): d 8.67 (d, J = 7.6 Hz, 2H), 8.47 (d, J = 5.0 Hz, 2H), 8.31 (s, 2H), 
8.10 (br s, 2H), 8.10 (d, J = 5.2 Hz, 2H), 7.98 (br s, 8H), 7.77 (d, J = 8 Hz, 2H), 7.41 (d, J = 7.6, 2H), 
6.41 (s, 2H), 3.64-3.57 (m, 2H), 3.27-3.19 (m, 2H), 0.92 (t, J = 7.1 Hz, 6H), -0.93 (s, 2H) ppm; 
13C NMR (100 MHz, CDCl3, 300 K): d 151.7, 146.8, 144.2, 143.7, 138.6, 134.3, 133.2, 132.9, 
131.7, 130.8, 129.8, 129.5, 129.1, 128.8, 127.0, 124.9, 124.7, 123.7, 123.3, 123.0, 122.0, 120.8, 
112.6, 93.6, 62.5, 14.0 ppm; UV–vis (CH2Cl2) lmax  (log e) 418 (5.11), 526 (3.98), 559 (3.87), 617 
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(3.61), 676 (4.08) nm; HRMS (ESI+, 100% CH3CN, TOF): m/z calculated for C52H37F12N4O3 
[M+H]+ 993.2669, found 993.2647. 
 
 
Figure 4 - 38. 1H NMR spectrum (400 MHz, CDCl3, 300 K) of 11CF3H2. 
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Figure 4 - 39. 13C NMR spectrum (400 MHz, CDCl3, 300 K) of 11CF3H2. 
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Figure 4 - 40. HR ESI+ MS (100% CH3CN, TOF) of 11CF3H2. 
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Figure 4 - 41. UV–vis spectrum (CH2Cl2) of 11CF3H2. 
[meso-Tetrakis(4-trifluoromethylphenyl)-2,3-trans-diethoxymorpholinochlorinato] 
copper(II) (11CF3Cu). To a solution of diethoxymorpholine 11CF3H2 (20.0 mg, 2.01 × 10-5 mol) in 
CHCl3 (5 mL) was added a solution of Cu(OAc)2·H2O (30.0 mg, 1.51 × 10-4 mol) in EtOH (3-4 mL). 
The reaction mixture was heated to reflux overnight. After the starting material was consumed 
(monitored by TLC), the reaction mixture was evaporated to dryness by rotary evaporation. The 
crude product was purified by column chromatography (silica – CH2Cl2/hexanes 1:1, gradient to 
pure CH2Cl2) to provide 11CF3Cu (~90% yield, 19 mg). 11CF3Cu: MW = 1054.40 g/mol; Rf = 0.64 
(silica – 1:1 CH2Cl2/hexanes); UV–vis (CH2Cl2) lmax (log e) 421 (5.18), 599 (sh), 644 (4.13) nm; 
HRMS (ESI+, 100% CH3CN, TOF): m/z calculated for C52H34CuF12N4O3 [M+] 1053.1730, found 
1053.1713. 
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Figure 4 - 42. HR ESI+ MS (100% CH3CN, TOF) of 11CF3Cu. 
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Figure 4 - 43. UV–vis spectrum (CH2Cl2) of 11CF3Cu. 
[meso-Tetrakis(4-trifluoromethylphenyl)-2,3-trans-diethoxymorpholinochlorinato] 
zinc(II) (11CF3Zn). To a solution of diethoxymorpholine 11CF3H2 (12.0 mg, 1.21 × 10-5 mol) in CHCl3 
(7 mL), was added a solution of Zn(OAc)2·2H2O (11.0 mg, 4.83 × 10-5 mol) in EtOH (1.0 mL). The 
reaction mixture was heated to reflux for 1 h. After the starting material was consumed (monitored 
by TLC), the reaction mixture was evaporated to dryness by rotary evaporation. The crude product 
was purified by preparative TLC (20 × 20 cm, 500 µm silica – CH2Cl2/hexanes 1:1) to provide 
11CF3Zn (~55% yield, ~7 mg). The product was difficult to purify as it degraded slowly on the 
preparative TLC plate. 11CF3Zn: MW = 1056.23 g/mol; Rf = 0.49 (silica– CH2Cl2); 1H NMR 
(400 MHz, CDCl3, 300 K): d 8.58 (d, J = 8.0 Hz, 2H), 8.37 (d, J = 4.4 Hz, 2H), 8.34 (br s, 2H), 8.22 
(s, 2H), 8.06 (d, J  = 7.6 Hz, 2H), 7.99 (br s, 2H), 7.91 (d, J = 4.8 Hz, 2H), 7.89 (br s, 4H), 7.73 
(d, J = 7.6 Hz, 2H), 7.35 (d, J = 8.0 Hz, 2H), 6.27 (s, 2H), 3.75-3.68 (m, 2H), 3.33-3.25 (m, 2H), 
0.92 (t, J = 7.2 Hz, 6H) ppm; 13C NMR (100 MHz, CDCl3, 300 K): d 153.1, 146.8, 145.7, 144.3, 
144.2, 144.0, 132.7, 132.4, 132.3, 132.28, 132.0, 130.7, 129.4, 129.1, 128.7, 128.4, 127.3, 124.6, 
123.3, 122.9, 122.6, 121.9, 111.8, 94.0, 62.3, 13.8 ppm; UV–vis (CH2Cl2) lmax  (Rel. I) 427 (1.00), 
602 (0.05), 642 (0.14) nm; HR MS (ESI+, 100% CH3CN, TOF): m/z calculated for 
C52H34F12N4O3Zn [M+] 1054.1725, found 1054.1709. 
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Figure 4 - 44. 1H NMR spectrum (400 MHz, CDCl3, 300 K) of 11CF3Zn. 
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Figure 4 - 45. 13C NMR spectrum (400 MHz, CDCl3, 300 K) of 11CF3Zn. 
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Figure 4 - 46. HR ESI+ MS (100% CH3CN, TOF) of 11CF3Zn. 
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Figure 4 - 47. UV–vis spectrum (CH2Cl2) of 11CF3Zn. 
[meso-Tetrakis(4-trifluoromethylphenyl)-2,3-trans-diethoxymorpholinochlorinato]-
palladium(II) (11CF3Pd). To a solution of diethoxymorpholine 11CF3H2 (15.0 mg, 1.5 × 10-5 mol) in 
pyridine (5 mL), was added Pd(OAc)2 (15.0 mg, 6.68 × 10-5 mol). The reaction mixture was heated 
to reflux overnight. After the starting material was consumed (monitored by TLC), the reaction 
mixture was evaporated to dryness by rotary evaporation. The residue was dissolved in CH2Cl2 
(15 mL) and washed with water (3 × 10 mL). The organic layer was dried (Na2SO4), filtered, and 
evaporated to dryness by rotary evaporation. The crude product was purified by column 
chromatography (silica – CH2Cl2/hexanes 1:1, gradient to pure CH2Cl2) to provide 11CF3Pd 
(~90% yield, 15 mg). 11CF3Pd: MW = 1097.27 g/mol; Rf = 0.62 (silica –1:1 CH2Cl2/hexanes); 
1H NMR (400 MHz, CDCl3, 300 K): d 8.60 (d, J = 8.0 Hz, 2H), 8.41 (d, J = 6.0 Hz, 2H), 8.27 
(d, J = 5.2 Hz, 2H), 8.26 (s, 2H), 8.07 (dd, J = 8.0 Hz, J = 1.2 Hz, 2H), 8.02 (d, J = 6.4 Hz, 2H), 
7.94 (d, J = 5.2 Hz, 2H), 7.87 (d, J = 5.6 Hz, 2H), 7.79 (d, J = 6.0 Hz, 2H), 7.73 (d, J = 7.6 Hz, 
2H), 7.28 (d J = 8.0, 2H), 6.32 (s, 2H), 3.65-3.57 (m, 2H), 3.19-3.11 (m, 2H), 0.81 (t, J = 7.1 Hz, 
6H). ppm; 13C NMR (100 MHz, CDCl3, 300 K): d 144.7, 144.0, 143.7, 140.1, 140.0, 138.0, 133.5, 
133.4, 132.3, 132.0, 130.6, 130.3, 130.0, 129.7, 128.6, 126.0, 125.8, 124.7, 124.4, 124.0, 123.2, 
113.4, 96.0, 63.2, 14.7 ppm; UV–vis (CH2Cl2) lmax  (log e) 424 (5.33), 583 (sh), 620 (4.82) nm; 
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HRMS (ESI+, 100% CH3CN, TOF) calculated for C52H34F12N4O3Pd (M+) 1096.1469, found 
1096.1476. 
 
 
Figure 4 - 48. 1H NMR spectrum (400 MHz, CDCl3, 300 K) of 11CF3Pd. 
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Figure 4 - 49. 13C NMR spectrum (400 MHz, CDCl3, 300 K) of 11CF3Pd. 
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Figure 4 - 50. HR ESI+ MS (100% CH3CN, TOF) of 11CF3Pd. 
 
N N
NN
Pd
O
CF
3
F 3
C
CF
3
CF
3
OE
t
OE
t
Ch
em
ica
l F
or
m
ula
: C
52
H 3
4F
12
N 4
O 3
Pd
+
Ex
ac
t M
as
s: 
10
96
.1
46
9
4. Conformational Landscapes of Metal(II) Complexes 
 181 
 
Figure 4 - 51. UV–vis spectrum (CH2Cl2) of 11CF3Pd. 
[meso-Tetrakis(4-trifluoromethylphenyl)-2,3-trans-diethoxymorpholinochlorinato] 
silver(II) (11CF3Ag). To a solution of diethoxymorpholine 11CF3H2 (20.0 mg, 2.01 × 10-5 mol) in 
pyridine (10 mL), was added a solution of AgOAc (15.0 mg, 9.05 × 10-5 mol) in MeOH (3-4 mL). 
The reaction mixture was heated to refluxed overnight. After the starting material was consumed 
(monitored by TLC), the reaction mixture was evaporated to dryness by rotary evaporation. The 
crude product was purified by column chromatography (silica – CH2Cl2/hexanes 1:1, gradient to 
pure CH2Cl2) to provide 11CF3Ag (~63% yield, 14 mg). 11CF3Ag: MW = 1098.72 g/mol; Rf = 0.60 
(silica –1:1 CH2Cl2/hexanes); UV–vis (CH2Cl2) lmax (log e) 425 (4.87), 587 (sh), 604 (3.95) nm; 
HRMS (ESI+, 100% CH3CN, TOF) calculated for C52H34AgF12N4O3 [M+] 1097.1485, found 
1097.1500. 
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Figure 4 - 52. HR ESI+ MS (100% CH3CN, TOF) of 11CF3Ag. 
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Figure 4 - 53. UV–vis spectrum (CH2Cl2) of 11CF3Ag. 
4.9 X-Ray Diffractometry 
Complete crystallographic data, in CIF format, have been deposited with the Cambridge 
Crystallographic Data Centre. CCDC 1538283 (11CF3Cu), 1538284 (10CF3Pd), 1538285 (10CF3Ni), 
1538286 (11CF3Zn), 1538287 (11CF3Pd) and 1538290 (10CF3Zn) contain the supplementary 
crystallographic data for this paper. These data can be obtained free of charge from The 
Cambridge Crystallographic Data Centre via www.ccdc.cam.ac.uk/data_request/cif. 
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5 Morpholinochlorins as Mechanochromic Dyes 
5.1 Introduction 
Polymers exhibit a range of mechanical behavior from elastomeric to brittle which is 
generally described by a stress–strain curve (Figure 5 - 1).1 Polymers are broadly categorized as 
thermoplastic, thermoset, or elastomer depending on the chemical and physical structure of the 
polymer chains. Thermoplastic polymers consist of linear or branched chains and can be 
amorphous or semicrystalline. Thermosetting polymers consist of highly cross-linked 
three-dimensional networks while elastomers are highly deformable elastic networks that are 
lightly cross-linked. The mechanical response of polymers is highly influenced by the molecular 
mass, cross-link density, chain entanglements, chain alignment, molecular mass, and degree of 
crystallinity.1 
 
Figure 5 - 1. Stress–strain Curve; OA: Proportional Limit; A: Elastic Limit; B: Yield Stress Point; 
C: Lower Yield Stress Point; D: Ultimate Stress Point; E: Breaking or Rupture Point. 
Curro and co-workers have studied the mechanical response of strained polymer networks 
in terms of shear modulus changes.2 They found that under cross-linking conditions (heat, UV 
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irradiation), the entanglements form a permanent rigid network. The localization of stress on 
particular polymer chains is caused by entanglements or cross-links upon deformation. The 
deformed polymer networks undergo chemical aging (further cross-linking reactions or 
bond-breaking). These phenomena were observed either directly or indirectly due to cross-links 
or entanglements by neighboring chains. 
The macroscopic response of polymers to mechanical force is characterized by a variety 
of mechanical testing measures, including tensile strength, failure strain, fracture toughness 
(resistance to crack growth), and elastic modulus (initial slope of the stress-strain curve).3 
However, translating macroscopic response to micro- and molecular deformation is challenging. 
A mechanochromic dye changes its optical properties upon application of mechanical force.1 
While this effect, known as mechanochromism, is well-known and has been demonstrated for 
various polymeric systems, most mechanochromic polymers rely on irreversible reactions or 
require additional stimuli to drive the back reaction and allow repeated switching. We know that 
the UV–vis absorption properties of the morpholinochlorins,1 and morpholinobacteriochlorins are 
strongly conformation-dependent, with shifts of the Qy-band (lmax band) of up to 50 nm with the 
change of the morpholine dihedral angle (Figure 5 - 2), plus the contributions of the associated 
conformational modulation of the macrocycle.  
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Figure 5 - 2. Transition wavelength vs morpholine dihedral angle. 
Can this conformational distortion be mechanically actuated by linking the chromophore 
covalently into a polymer? Alcohol exchange reactions of morphoinochlorins are known.4,5 What 
is the length and rigidity of the linkers to the polymerizable units needed or the degree of cross-
linking of the polymer to achieve a mechanical linkage of the polymer to the chromophore, so that 
forces on the material lead to a distortion (and color change) of the embedded chromophore? Will 
the mechanochromic responses be isotropic or anisotropic? How will self-organized polymers 
assist in the endeavor to create mechanochromic materials? In collaboration with Prof. Raji Kasi 
of the Polymer Program at UConn, an expert in the study of hierarchically structured polymers 
and polymer-hybrid materials with tailored architecture, functionality, and composition, we 
propose to investigate these questions. 
5.2 Results and Discussion 
5.2.1 Synthesis of Poly(ethylene glycol) Functionalized Norbornene (NBPEG, 3). 
Poly(ethylene glycol) functionalized norbornene (NBPEG), are synthesized according to 
modified literature procedure of Kasi group (Schem 5 - 1).6,7 
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Scheme 5 - 1. Synthesis of Poly(ethylene glycol) functionalized norbornene (NBPEG) 3. 
The reaction is carrird out at room temperature and gives decent yield but purification needs 
to be carried out very carefully. As NBPEG is not UV active and colorless, the column 
chromatography needs to be monitored via iodine stain. Also, it is important to purify 3 very 
carefully as any unreacted poly(ethylene glycol) (PEG, 1) will react will secochlorin 5 as well to 
form morpholinochlorin without norbornene attached to its ends. 
5.2.2 Synthesis of Morpholinochlorin carrying two NBPEG chains 
The synthesis of free-base morpholinochlorin with two NBPEG chains 6 followed the 
Scheme 5 - 1. The 2,3-vic-dihydroxychlorins, 4, is formed by OsO4-mediated dihydroxylation of 
free-base meso-tetraarylporphyrins.8,9 Normally, the diol 4 is oxidatively cleaved to form the 
corresponding secochlorin bisaldehyde, and an in-situ alcohol-induced intramolecular ring closure 
forms morpholinochlorin carrying two alkoxy substituents in an anti-configuration. The mechanism 
and origin of the stereoselectivity for the reaction are known.10 
 
Scheme 5 - 2. Synthesis of morpholinochlorins monomer 6. 
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But morpholinochlorin with two NBPEG chains 6 cannot be synthesized in situ as PEGNB will 
get oxidized in the presence of acidic NaIO4/silica gel. Therefore, this reaction is carried out in 
two steps. Firstly, the sechochlorin 5 is formed and then in the second step NBPEG is added to 
the reaction mixture. Along with NBPEG, a puff of conc. HCl vapours taken from the headspace 
of the bottle is also added, which induces ring closure for the formation of 6 (Scheme 5 - 2). We 
were successful in synthesizing 6 but purification is a challenge as product is water soluble, as 
well as a number of isomers of it are formed since NBPEG is a mixture of isomers. Trace amounts 
of methanol present in NBPEG also lead to the formation of morpholinochlorin with methoxy 
groups as substituents.  
We are currently working on purification of morphilinochlorins 6 monomers. We have 
synthesized NBPEG’s with poly(ethylene glycol) (Mn = 600 g/mol and 1000 g/mol) as well. Once 
the purification technique is characterized, the monomers with different (varying masses) NBPEG 
attached to them will be handed over to Kasi group for polymer synthesis. 
 
Scheme 5 - 3. Polymerization of Morpholinochlorin monomer. 
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5.3 Experimental Section 
5.3.1 Materials and Instruments 
Poly(ethylene glycol) (average Mw∼300 g/mol, 600 g/mol and 1000 g/mol) and dry CH2Cl2 
(99.8%) are obtained from Acros Organics. Morpholinochlorins, and the silica gel-supported 
NaIO4 were prepared as described in the literature.11,10 
Synthesis of Poly(ethylene glycol) Functionalized Norbornene (NBPEG) 3. A solution of 
poly(ethylene glycol) (Mn = 300 g/mol) (1) (3.5 g, 1.16 × 10-5 mol) in CH2Cl2 (20 mL) was prepared 
in an RBF under nitrogen atmosphere. In a separate dry RBF, a solution of NBCOOH (86.4% 
endo and 13.6% exo) (0.55 g, 3.86 × 10-4 mol), EDC·HCl (0.75 g, 3.86 × 10-4 mol) and DMAP 
(0.24 g, 10% of total mol) in CH2Cl2 (10 mL) was made under nitrogen atmosphere. This activated 
acid solution was added dropwise to the PEG solution. The reaction mixture was stirred at r.t. for 
24 h. The starting material and the product are not UV active. Therefore, the reaction cannot be 
monitored with the help of the TLC. Assuming the reaction to be complete, the reaction mixture 
was evaporated to dryness by rotary evaporation. The crude product was purified by column 
chromatography (silica – CH2Cl2 to 1:9 MeOH/CH2Cl2 gradient) to obtain 6 (pale yellow liquid, 
yield 50.0%, endo/exo = 82/18); MW = 420 g/mol (average mass); Rf = 0.3 (silica – 1:9 
MeOH/CH2Cl2); 1H NMR (400 MHz, CDCl3, 300 K): d 6.16 (dd, J = 5.6, 3.0 Hz, 1H, endo), 
6.13-6.07 (m, exo), 5.92 (dd, J = 5.6, 2.8 Hz, 1H, endo), 4.24-4.21 (m, exo), 4.18-4.12 (m, 2H, 
endo), 3.65-3.63 (m, 26H, endo/exo), 3.20 (s, 1H, endo), 3.03 (s, exo), 2.98-2.94 (m, 1H, endo), 
2.88 (s, 1H, endo/exo), 2.59 (s, 1H, endo/exo), 2.26-2.22 (m, exo), 1.92-1.85 (m, 1H, endo/exo), 
1.52-1.50 (m, exo), 1.42-1.38 (m, 2H, endo/exo), 1.25 (d, J = 8.0 Hz, 1H, endo). 
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Figure 5 - 3 1H NMR spectrum (400 MHz, CDCl3, 300 K) of 3. 
O
OH
O
O
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